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PREFACE 


We  are  living  in  an  era  of  vanishing  time.  Flight  speeds 
many  time*  the  speed  of  sound  are  becoming  commonplace. 
Information  can  now  be  transmitted  at  fantastic  rates 
through  the  use  of  high-speed  communications  and  process¬ 
ing  equipment.  Paradoxically*  more  and  more  time  is  re¬ 
quired  for  design  and  development  of  new*  highly  sophisti¬ 
cated  hardware.  We  must  be  able  to  predict  accurately 
what  is  possible  and  what  might  be  possible.  We  must  be  in 
a  position  to  control  future  mLUtary  operations.  Maximum 
exploitation  of  the  discoveries  and  advances  of  our  research 
and  development  program  are  essential  in  order  to  accom¬ 
plish  these  tasks.  This  year's  Science  Symposium  will 
highlight  some  of  the  activities  of  the  Navy  laboratories  in 
the  application  of  advanced  technology  tc  the  solution  of 
Navy  problems . 

It  is  not  by  chance  that  this  Symposium  is  being  held  at 
one  of  the  Navy's  largest  medical  activities,  the  Naval 
Aviation  Medical  Center.  Despite  improvements  in  hard¬ 
ware,  the  basic  critical  sub-system  is  still  the  man,  just  as 
the  basic  component  of  any  Navy  laboratory  is  the  individual 
scientist  or  engineer.  The  Medical  Center  at  Pensacola  is 
dedicated  to  increasing  our  knowledge  of  and  ability  to  im¬ 
prove  man’s  capabilities  in  the  air  and  in  outer  space;  we 
are  fortunate  to  have  the  Center  as  our  host  this  year.  I 
would  like  to  extend  my  personal  thanks  to  the  Program 
Committee,  to  the  personnel  of  the  Center  and  the  Training 
Command,  and  to  others  who  are  responsible  for  the  success 
of  this  Symposium. 


L.  D.  COATES 
Rear  Admiral,  USN 
Chief  of  Naval  Research 
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INTRODUCTORY  REMARKS 


Dr.  M.  H.  Schrenk 
Research  Coordinator 
Office  of  Navel  Research 


Good  morning,  distinguished  guests,  ladies  and  gentlemen. 

The  time  has  come  to  open  another  Navy  Science  Symposium  sponsored  by 
the  Office  of  Naval  Research.  1  had  intended  to  say  a  few  words  of 
welcome  and  tell  you  who  our  hosts  are, but  in  characteristic  fashion 
they  have  done  it  for  me  as  you  can  see  by  the  series  of  placards  be¬ 
hind  me  on  this  platform.  This  is  additional  evidence  of  the  manner 
in  which  they  have  been  working  for  the  past  months  on  the  many  de¬ 
tails  required  to  insure  a  successful  meeting.  I  am  very  appreciative 
of  their  efforts. 

If  you  will  please  rise,  Chaplain  Kirkland  will  pronounce 
the  Invocation. 

I  believe  we  have  an  interesting  program  for  you,  thanks  to 
the  efforts  of  the  Program  Committee.  Their  task  was  very  difficult 
this  year  since  of  the  large  number  of  papers  submitted  this  year 
only  about  one-third  could  be  accepted.  So  if  there  are  some  among 
you  who  submitted  a  paper  that  did  not  find  a  place  on  the  program, 
do  not  be  disheartened.  It  was  not  necessarily  because  the  Program 
Committee  adjudged  it  to  be  inferior,  but  because  it  was  impossible 
within  the  time  alloted  to  the  various  sessions  to  accept  all  the 
good  papers  received. 

Our  Chairman  for  this  morning's  session  is  Dr.  F.  J.  Weyl, 
Deputy  Chief  end  Chief  Scientist  of  ONR.  Dr.  Weyl  is  a  man  who  has 
a  wide  knowledge  of  Navy  science,  and  by  virtue  of  a  recent  six-months' 
assignment  In  the  Office  of  the  Director  of  Defense  Research  and 
Engineering  he  has  a  fresh  and  an  equally  comprehensive  knowledge  of 
science  throughout  Che  Department  of  Defense. 
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WELCOME  TO  THE  SEVENTH  NAVY  SCIENCE  SYMPOSIUM 


Rear  Admiral  Langdon  C.  Newman,  MC,  USN 
Commanding  Officer 
U.  S.  Naval  Aviation  Medical  Center 


The  Naval  Aviation  Medical  Center  is  honored  and  pleased 
to  be  the  host  for  the  Seventh  Navy  Science  Symposium,  and  we  welcome 
this  opportunity  to  get  to  know  each  of  you  better,  and  to  learn  from 
you  how  to  do  our  Job  easier  and  better.  At  this  time,  I  think  it  is 
only  fitting  that  I  publicly  acknowledge  the  cooperation  of  the  Chief 
of  Naval  Air  Training,  the  Chief  of  Naval  Air  Basic  Training  and  the 
Commanding  Officer,  Naval  Air  Station,  Pensacola,  whose  readiness  to 
provide  facilities  makea  it  possible  for  the  participants  in  this 
Symposium  to  be  accommodated. 

I  consider  it  most  fitting  in  this  day  of  advanced  tech¬ 
nology  that  the  theme  for  this  symposium  is  "Solutions  to  Navy 
Problems  Through  Advanced  Technology," 

This  Command  as  well  as  many  other  Activities  will  be  called 
upon  to  make  further  direct  or  indirect  contributions  to  the  nation's 
space  program.  The  Navy  has  now  and  will  have  an  increasing  Interest 
in  all  developments  related  to  space.  The  exchange  of  techniques  and 
the  cross-fertilization  of  ideas  make  possible  by  gatherings  of 
highly  trained  scientists  such  as  you  men  are  cannot  help  but  result 
in  an  increased  tempo  of  research  developments  which  will  be  helpful 
to  mankind  in  many  ways.  The  Increased  tempo  at  which  developments 
will  be  made  can  easily  be  projected  by  a  simple  comparison.  It  took 
thousands  of  years  for  man  to  develop  the  wheel.  Then'it  took  another 
thousand  or  no  years  for  man  to  develop  a  motor  to  move  the  wheel. 
Next,  only  several  decades  to  mass  produce  the  automobile.  Then  a 
decade  or  so  to  produce  the  airplane.  Now  in  the  recent  four  to  five 
years,  developments  have  proceeded  at  such  a  rate  that  man  is  now 
orbiting  the  earth  at  speeds  in  excess  of  18,000  miles  par  hour, 

This  is  not  the  end}  it  is  probably  only  the  beginning.  As  our 
President  has  said,  a  lunar  landing  will  be  made  in  this  decade. 

Where  */a  go  from  there,  the  future  only  can  toll,  but  go  wb  will. 
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I  know  that  your  primary  Intarests  art  not  In  apaca  technology.  But 
whether  wa  Ilka  It  or  not,  apaca  la  with  ua  and  wa  all  muat  play  a 
vital  part,  no  matter  what  our  raaoarch  Intereata  ara.  Man  has  always 
dreamed  of  world  peace,  Who  knows  but  that  If  all  peoples  became 
Intarastad  In  apaca  and  the  development  of  a  safe  moans  to  travel  In 
apaca,  this  could  prove  to  be  the  vehicle  for  obtaining  world  poace 
on  this  planet. 

The  facilities  that  wa  have  In  the  Naval  Aviation  Medical 
Center  ara  at  your  disposal  during  your  visit.  Wa  hope  to  make  your 
visit  most  pleasant  socially.  There  are  many  recreational  facilities 
such  as  a  twenty-seven  hole  golf  course,  swimming  pools,  beaches, 
movies,  clubs  and  civic  entertainments  which  you  should  take  advantage 
of  If  the  opportunity  presents  itself.  The  brochure  we  gave  you  gives 
many  details--read  it  over.  Let  us  know  if  wa  can  do  anything  for  you 
during  your  stay.  It  Is  a  real  pleasure  to  have  you  here. 


OPENING  REMARKS 


Rear  Admiral  L.  D.  Coates,  USN 
Chief  of  Naval  Research 


I  am  pleased  to  join  with  the  others  in  welcoming  you  to 
the  Seventh  Navy  Science  Symposium.  Since  the  first  one  was  organized 
In  1957,  this  annual  series  has  firmly  established  Itself  as  the 
primary  means  of  bringing  together  all  the  Navy  laboratories  to  dis¬ 
cuss  mutual  problems  and  Interests  as  well  as  to  report  on  new  ad¬ 
vances  accomplished  by  the  laboratories. 

This  is  highly  important  since  a  large  segment  of  the  Navy's 
efforts  in  research  and  development  is  carried  on  in  its  in-house 
laboratories.  This  in-house  complex  has  been  gradually  built  up  over 
the  past  50  years  and  today  represents  a  capability  that  is  unique  in 
this  country.  If  not  In  the  world.  The  Naval  Aviation  Medical  Center, 
our  host  here  at  Pensacola,  Is  one  example  of  a  Navy  laboratory  deal¬ 
ing  with  specific  problems  that  are  not  seriously  attacked  elsewhere. 
It  is  no  exaggeration  to  note  that  the  Navy’s  newest  high-performance 
aircraft  would  have  had  no  one  to  fly  them  if  naval  aviation  medicine 
had  not  found  means  of  countering  the  greatly  increased  stress  in¬ 
volved. 


The  special  contribution  of  Naval  laboratories  is  that  they 
are  completely  oriented  to  the  sea  environment  and  are  pointedly 
aware  of  the  unusual  problems  and  requirements  associated  with  operat¬ 
ing  in  such  an  environment.  This  means  that  Navy  civilian  scientists 
and  engineers,  and  the  naval  officers  who  work  with  them,  are  in  a 
position  to  develop  solutions  to  the  urgent  problems  which  are  likely 
to  confront  our  naval  forces.  The  laboratories  are  provided  with  a 
wide  variety  of  facilities  and  special  equipment,  most  of  which  is 
not  duplicated  elsewhere  in  the  nation. 

Nona  of  the  Navy  laboratories  is  an  Individual,  isolated 
unit,  but  rather  each  is  pare  of  the  fabric  of  one  vast  research  and 
development  organization.  All  of  the  resources  of  this  organization 
era  freely  available  to  the  resenrch  scientist  or  engineer  working 
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at  any  one  of  tho  laboratories,  The  broad  exchange  of  scientific 
Information,  data,  mothoda  and  results,  such  as  In  this  symposium,  la 
encouraged  to  pruvent  duplication  of  effort  and  to  supply  a  cross- 
fortlllzatLon  of  Ideas. 

No  laboratory,  however,  can  be  better  than  tho  quality  of 
its  personnel.  The  Navy  haa  long  recognized  that  a  laboratory's 
mission  cannot  be  accomplished  unless  it  can  obtain  and  hold  a 
civilian  technical  ataff  of  the  highest  caliber.  At  the  same  time, 
we  are  faced  with  the  fact  that  this  country  does  not  hava  sufficient 
high  quality  scientific  and  technical  talent  to  staff  adequately  our 
government  laboratories,  our  college  and  university  laboratories,  and 
also  the  many  commercial  and  Industrial  laboratories  that  have  mush¬ 
roomed  In  recent  years.  The  competition  Is  keen  for  top  men.  Yet  we 
are  not  willing  to  lower  our  standards  for  the  scientific  and  techni¬ 
cal  qualifications  we  require  for  our  laboratory  staffs. 

To  meet  this  competition,  a  policy  was  promulgated  as  early 
as  1946  that  spelled  out  the  objective  of  providing  a  working  environ¬ 
ment  "comparable  to  that  found  in  major  academic  and  industrial  re¬ 
search  and  development  centers."  We  also  encourage  scientists  at 
laboratories  to  engage  in  a  certain  amount  of  uncommitted  or  foun¬ 
dational  research  in  contrast  to  projects  or  programs  assigned  to 
meet  current  operational  needs.  These  laboratory-initiated  projects 
can  be  in  the  area  of  either  basic  or  applied  research.  This  is  now 
a  line  Item  in  the  Navy's  RDT&E  Budget. 

Although  much  of  the  work  in  this  category  may  have  no  ap  - 
parent  immediate  application,  it  frequently  turns  out  to  be  extremely 
useful  at  a  later  date.  One  of  its  main  benefits  is  that  it  builds 
up  an  available  store  of  ideas,  knowlege,  and  techniques  which  can  be 
readily  applied  to  future  problems  and  research  tasks. 

In  the  past  few  years  there  has  been  an  Increasing  reali¬ 
zation  that  Navy  in-house  laboratories,  along  with  other  Defense  in- 
house  laboratories,  must  be  recognized  as  a  major  component  of  the 
military  research  and  development  effort.*  In  the  case  of  the  Navy, 
these  laboratories  are  under  the  technical  management  and  direction 
of  the  technical  bureaus  and  offices.  This  is  characteristic  of  the 
Navy's  decentralized  organization  designed  to  delegate  responsibility 
in  order  to  Improve  effectiveness. 

At  the  same  time,  the  Navy  and  other  Defense  laboratories 
should  not  be  bogged  down  in  administrative  detail,  which  might 
hamper  the  urgent  neture  of  their  work.  They  must  be  effectively 
responsive  to  research  and  development  policy  worked  out  at  the 
Pentagon  level.  These  problems  and  the  personnel  problem  to  which 
I  referred  are  of  deep  concern  to  the  highest  levels  of  the  Depart¬ 
ment  of  Defense  aa  well  es  Che  Navy  which  wants  to  make  certain  that 
thasa  laboratories  are  properly  supported  and  utilized. 
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In  summary,  without  attempting  to  intrude  into  the  domain* 
of  university  ami  Industrial  rosoarch,  the  In-hou.ia  Navy  laboratory 
system  assures  us  that  our  Navy  will  always  be  an  offectlvu  force 
employing  the  most  modern  and  effective  weapons,  and  capable  of  any 
action  which  our  nation  may  require. 

It  could  well  bo  said  that  as  the  Navy  laba  go,  ao  goes  the 
Navy  of  the  future. 
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KEYNOTE  ADDRESS 


Vice  Admiral  William  Schoech 

(Read  by  Captain  William  Coleman) 
Chief  of  Naval  Material 


Thank  you  very  much. 

Dr.  Schrenk,  Ladles  and  Gentlemen: 

Admiral  Schoech  greatly  regrets  not  being  able  to  attend  the 
opening  of  the  Office  of  Naval  Research' s  Seventh  Annual  Navy  Science 
Symposium. 


I'm  sure  that  he  has  many  friends  In  this  audience,  and 
that  he  has  a  great  Interest  In  the  things  that  you  will  discuss  In 
your  meetings.  Now  that  he  Is  soon  to  move  on  to  the  post  of  Chief 
of  Naval  Materiel,  he  would  have  been  doubly  Interested.  But  he  had 
to  testify  before  Congress  today. 

Given  the  choice  of  substituting  for  him  here,  or  before 
Congress,  I'm  sure  I  would  have  chosen  this. 

Although  I  regret--aa  his  friends  here  must--the  necessity 
for  a  substitute,  I'm  glad  to  be  here. 

In  this,  the  Seventh  Navy  Science  Symposium  conducted  by 
the  Office  of  Naval  Research,  the  service  research  organization 
acknowledged  by  everyone  Co  be  the  best,  there  Is  little  that  X  can 
say  to  vou  about  research  as  such.  However,  I  do  have  some  thoughts 
that  I,  aa  a  vitally  concerned  consumer  of  your  products,  would  like 
to  emphasize. 

These  days  we  have  a  greater  capability  for  analyzing  the 
requirements  for  weapons,  for  assessing  the  utility  of  those  weapons 
end  for  estimating  the  coat  of  those  weapons,  than  we  have  ever  had 
before,  Thera  ere  many  methods  of  making  these  evaluations.  The  old 
tests  of  Suitability,  Feasibility  and  Acceptability  are  a  good  way  of 
stating  them. 
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Do«»  a  proposed  system  do  what  Is  needed,  whan  It  la  neodadT 
Cart  It  ba  done  under  existing  love  la  of  technical  achieve- 

rnont?  and 


la  It  worth  what  it  will  coat? 

My  observation  here  la  that  we  now  need  to  make  a  more  de¬ 
tailed  analysis  than  ever  before.  Such  evaluation  is  required  both 
by  the  situation  and  by  our  superiors. 

On  one  hand,  as  a  nation  we  need  a  continuing  technical 
edge  in  order  to  survive;  but  on  the  other,  we  can  go  broke  by  trying 
to  purchase  a  technical  superiority  with  shotgun  research  and  develop¬ 
ment.  The  cost  of  developing  weapons  systems  today  makes  it  quite 
possible  to  swamp  the  economy  we  are  trying  to  protect. 

A  second  observation  is  that  critical  analysis  of  useful¬ 
ness  and  cost  should  never  cease.  The  situation  is  fluid.  What  is 
valid  today  may  be  wrong  tomorrow. 

As  the  Commander  of  the  SEVENTH  Fleet  said  recently  in  con¬ 
vening  a  conference  of  his  chief  lieutenants:  "There  is  a  need  to 
beware  of  the  status  quo,  to  examine  it,  to  suspect  its  very  existence 
and  to  ignore  its  charm." 

We  must  not  let  inertia  deter  regular  rechecks  of  the  re¬ 
quirements  for  what  we  are  working  orv  nor  let  personal  Involvement 
cause  us  to  continue  a  project  that  has  been  overtaken  by  events. 

Since  we  are  now  under  much  closer  control  of  the  Office 
of  the  Secretary  of  Defense,  it  might  be  well  to  examine  this  con¬ 
cept  in  their  words. 

Their  attitude  is  this,  paraphrasing  closely:  "We  cate¬ 
gorize  things  as  to  their  'urgency'  and  'feasibility.' 

"There  are  few  weapons  that  are  so  critical  that  without 
them  our  security  would  be  fatally  impaired.  Such  weapons  are  the 
nuclear  bomb,  the  first  radars,  XCBM's,  POLARIS,  and  nuclear  pro¬ 
pulsion  for  subs.  Present  critical  items  are  an  anti-missile  missile 
and  a  good  long  range  airborne  submarine  detection  system." 

(To  Interrupt  the  quote,  let  me  expand  this  by  saying  we 
need  an  airborne  capability  of  detecting,  localizing,  identifying 
and  attacking  any  submarine  within  the  horizon  visible  from  ten 
thousand  feet.) 
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To  continue  the  quote,  "The  next  clam  of  urgency  I.i  'Im¬ 
portant*  (short  of  critical),  and  the  third  la  'marginal.  * 

"Cutting  across  these  categories  of  'urgency*  are  thaso  of 
'feasibility.'  First  la  proven  feasibility,  In  which  existing 
components  need  only  assembly  to  make  a  successful  system.  Second, 
the  caao  where  serious  technical  gaps  need  filling  before  a  system 
can  b«  completed.  And  third,  the  'feasible*  but  unsuitable;  that  ts 
to  ssy  unresponsive  to  any  definite  requirement  supported  by  policy 
and  Intelligence. 

"For  the  'critical'  and  'feasible',  a  crash  program  of  con¬ 
current  development  and  production  is  indicated.  For  the  'important* 
and  'feasible',  successful  engineering  development,  followed  by  pro¬ 
duction,  is  Indicated.  For  the  'critical'  where  the  technology  is 
not  available,  a  high  research  rate  is  Indicated  before  development 
and  production  can  begin."  This  is  the  end  of  the  paraphrasing. 

On  our  antisubmarine  problem,  there  can't  be  too  great  a 
research  effort. 

And  that  brings  me  to  my  final  point.  If  we  don't  continu¬ 
ally  reassess  -that  is  assume  our  responsiblitiea--some  one  will  do  it 
for  us. 


Or  as  Dr.  Brown,  Director  of  Defense  Research  and  Engineer¬ 
ing,  put  it  in  a  speech  recently: 

"A  group  which  presents,  without  an  order  of  priority,  a 
proposed  Increase  of  40  percent  for  the  next  year  of  its  research 
and  development  efforts,  is  abdicating  its  responsibility.  Such  a 
group  is  saying  that  everything  it  wants  Is  overridlngly  Important, 
but  what  we  hear  when  they  say  that,  is  that  nothing  that  they  want 
is  outstandingly  important.  Whenever  a  choice  is  not  made  at  the 
lower  level  between  two  projects  aimed  at  doing  the  same  thing,  be¬ 
tween  which  a  comparison  can  be  made  which  shows  that  one  or  the 
otiier  is  better,  the  choice  will  be  made  at  a  higher  level."  He 
continues:  "Responsibility  is  identical  with  the  exercise  of  choice 
judgment.  Failure  to  exercise  such  choice  and  such  judgment  is  the 
abdication  of  responsibility,  and  when  the  responsibility  is  kicked 
upstairs,  the  authority  goes  with  it."  Those  are  strong  words  and 
ha  is  in  a  position  to  make  them  stick. 

R&D  is  growing ,  both  as  a  percentage  of  the  federal  budget 
and  a?  a  percentage  of  the  GNP,  It  is  also  growing  just  about  as 
fast  as  there  are  technically  qualified  personnel  coming  along  to  do 
it.  This  means  that  we  muet  live  within  our  iesources--and  this 
means  exercising  the  self-discipline  that  will  retnin  for  us  the 
prerogative  to  decide, 


xlv 


3c ho no h 


Knowing  you  gentleman  as  t  do,  I  look  to  tlin  future  with 
greet  confidence.  Best  ot  luck  In  your  efforts  here  at  your  Symposium. 


i 
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NATO  ACTIVITIES  IN  RESEARCH  AND  DEVEL0R©1T 
Dr,  I*  Estermenn 
Chief  Scientist 


ONR  London 


The  North  Atlantic  Treaty  is  not  only  a  defensive  military 
alliance  hut  has  alac  the  aim  of  developing  political  economic, 
social,  cultural  and  scientific  cooperation  between  its  members  in 
order  to  strengthen  the  Western  world  in  the  face  of  the  wer- 
ead  sting  threat  from  the  East.  After  the  appearance  of  the  first 
Sputnik,  which  demonstrated  clearly  that  Russian  science  and 
technology  could  no  longer  be  considered  as  a  negligible  quantity. 

The  North  Atlantic  Council*  decided  to  give  more  formal  recognition 
to  science  as  a  major  contributor  to  military  and  economi  ®  SSts 

by  the  organization  of  a  Science  Comnittee  as  one  of  the  major 
of  NATO.  At  the  same  time,  an  outstanding  scientist  was  appointed  as 
Science  Adviser  to  the  Secretary  General  and  as  chairman  of  the 
Science  Committee.  He  waa  later  elevated  to  the  rank  of  Assistant 
Sectary  General  for  Scientific  Affairs  and  his  office  became  the 
Dir  Jion  of  Scientific  Affairs. 

As  in  the  case  of  many  other  large  organizations,  espe¬ 
cially  those  which  have  grown  over  a  long  period  of  time,  the 
organization  chart  is  a  compromise  between  logic,  his^°P'i^and 
expediency.  Thus  not  all  the  scientific  activities  of  NATO  come 
under  the  cognizance  of  the  Division  of  Scientific  Affairs.  In 
keeping  with  the  predominantly  military  character  of  NATO,  the 
Military  Committee  and  its  Standing  Group  have  a  direct  interest 
in  some  of  the  scientific  activities.  In  addition,  the  Division 
of  Production,  Logistics  and  Infra- structure  has  certain  responsi¬ 
bilities  for  research  and  development.  Ike  most  important  rela 
ships  between  the  scientific  organizations,  the  North  Atlantic 
Council  and  the  NATO  Secretariat  are  shown  in  Pig.  1. 

The  major  components  of  NATO  dealing  with  research  and 
development  will  be  described  in  broad  terms  on  the  following 
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THE  SC  THICK  COMCTTEn  AlfD  THIS  DIVISION  OF  OCIEIOTIC  AFFAIRS 

The  Division  of  Scientific  Affaire  la  under  the  direction 
of  the  Aeeletant  Secretary  General  for  Scientific  Affairs  vho  aloo 
servos  as  the  chuinaan  of  tho  Science  Committee.  The  Science 
Committee,  which  meets  three  or  four  times  per  year,  la  composed 
of  representatives  from  the  15  member  nations,  all  of  them  prominent 
scientists.  It  provides  broad  policy  direction,  discusses  the 
budget  of  the  Division  for  Scientific  Affairs,  and  formulates 
programs  aimed  at  strengthening  science  in  the  NATO  nations.  Hie 
Division  of  Scientific  Affairs,  which  has  a  small  international 
staff  of  scientists  and  administrators,  Implements  the  decisions  of 
the  Science  Committee  on  a  day-to-day  basis.  Hie  three  major 
programs  under  the  cognizance  of  the  Science  Committee  are  (1)  the 
Science  Fellowships  Program,  (  2)  the  Advanced  Study  Institutes 
Program,  and  (3)  the  Research  Grants  Program,  under  the  first, 
scientists  from  NATO  countries  are  given  the  opportunity  to  study 
and  work  in  countries  other  than  their  own,  with  particular  con¬ 
sideration  given  to  scientists  from  the  less  developed  NATO  countries 
vho  are  enabled  to  engage  in  activities  for  which  their  own  countries 
do  not  provide  the  necessary  facilities.  Conversely,  scientists  from 
the  stronger  countries  are  given  an  opportunity  to  work  in  some  of 
the  less  developed  countries  and  to  assist  in  the  training  of 
students  wtw  otherwise  would  not  be  able  to  receive  specialized 
instruction  in  their  chosen  fields.  Hie  current  budget  for  this 
activity  is  approximately  $  2-1/2  million.  Under  the  second  program, 
scientists  may  arrange  conferences  at  which  specific  topics  are 
discussed  at  an  advanced  level.  These  meetings,  which  have  various 
formats,  may  range  from  highly  specialized  colloqula  to  simmer 
schools  for  graduate  students.  They  vary  in  duration  from  one  to 
eight  weeks  and  permit  exhaustive  treatment  of  a  given  scientific 
topic  by  men  whose  reputation  is  world-wide.  Participation  is  held 
to  a  sufficiently  small  number,  approximately  between  50  and  100 
participants  for  each  study  group,  so  that  active  participation 
from  all  members  can  be  expected.  About  kO  susmer  institutes  are 
planned  for  the  current  year,  and  about  1,000  scientists  are  expected 
tc  participate.  Hie  annual  budget  for  this  program  is  approximately 
$0.5  million. 

Under  the  third  program,  the  Division  of  Scientific  Affairs 
supports  with  grants  a  number  of  research  wrkers  in  various  coun¬ 
tries,  particularly  in  those  countries  where  national  resources  are 
Insufficient.  A  large  part  of  the  support  is  reserved  for  projects 
which  require  international  cooperation  and  so  enhance  the  function 
of  RATO  a  cooperative  institution.  About  $1  million  per  year  is 
available  for  this  part  of  the  program. 
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Othar  activities  of  the  Division  of  Scientific  Affair*  and 
tha  Sctanca  Committee  includa  tha  organization  of  advisory  group*  in 
•pacific  flalda  vhara  inearnational  cooperation  la  essential,  auch  aa 
oceanography  and  matoorology  or  in  field*  whara  an  intonaa  effort  la 
daamad  to  ba  appropriate,  auch  aa  human  factor*  and  operational  re- 
••arch.  One  of  tha  major  activities  of  tha  Science  Committee  was  a 
study  under  tha  title  "Increasing  tha  Effectiveness  of  Western 
Science,"  vhlch  was  undertaken  in  cooperation  wltlr  tha  Ford  Foundation 
and  tha  Fondation  Univevraitalra  of  Bruaaala.  Tha  aembera  of  this 
study  group  included  several  of  tha  moat  distinguished  scientists 
from  NATO  nations,  and  tha  report  published  by  the  Fondation  Uni* 
versltaira  has  racaived  a  great  deal  of  attention. 

In  general,  tha  Science  Conmitce®  and  the  Division  of 
Scientific  Affairs  have  devoted  more  attention  to  the  general  field 
of  basic  research  than  to  specific  defense  matters,  but  the  Division 
also  maintains  close  contacts  with  other  NATO  activities  in  vhlch 
defense  matters  play  a  more  prominent  part.  Thus  the  Assistant 
Secretary  General  in  conjunction  vlth  the  Assistant  Secretary  General 
for  Production,  Logistics  and  Infrastructure  convenes  the  defense  re¬ 
search  directors  of  tha  various  NATO  countries  at  regular  Intervals 
for  technical  meetings  at  vhlch  representatives  of  the  Supreme 
Conmandera  and  tha  directors  of  NATO  research  agencies  and  technical 
centers  participate.  The  Assistant  Secretary  General  for  Scientific 
Affairs  also  maintains  very  close  relations  with  the  Advisory  Group 
for  Aeronautical  Research  and  Development,  the  SHAPE  Air  Defense 
Technical  Center  in  The  Hague,  and  the  SACLANT  Anti-Submarine  Warfare 
Research  Center  in  LaSpezla. 

THE  ARMAMENTS  COMMITTEE  AND  THE  PRODUCTION.  LOGISITICS  AND 
INFRASTRUCTURE  DIVISION 

Tha  relationship  of  tha  Armaments  Committee  to  the  Pro¬ 
duction  Division  is  similar  to  that  of  the  Science  Committee  to  the 
Division  of  Scientific  Affairs,  One  of  the  subordinate  units  of  the 
Armaments  Committee  is  the  NATO  Naval  Steering  Group  vhlch  meets 
•bout  three  to  four  times  per  year  to  consider  armaments  for  ships, 
ASW,  air  defense,  and  standardization  of  NATO  equipment.  From  time 
to  time  tha  Steering  Group  requests  tha  Armaments  Committee  to  set  up 
mixed  vorklng  groups  consisting  of  scientists,  engineers,  and  military 
planners  to  study  specific  problems  and  to  report  back  to  the  Arma¬ 
ments  Committee  and  tha  Assistant  Secretary  for  Production,  Logistics 
and  Inf raa true tura.  Although  these  studies  are  mainly  concerned  vlth 
hardware  development,  they  Includa  a  certain  amount  of  research  and 
ara  mentioned  hare  only  to  complete  the  picture.  ‘Other  responsi¬ 
bilities  of  tha  Division  ara  to  organize  tha  exchange  of  technical 
information  concerning  research.  Improvement,  and  production,  and  to 
assure  technical  and  financial  supervision  of  tha  Infrastructure  Pro¬ 
gram.  This  program  includes  planning,  construction,  and  common 
financing  of  fixed  installations  such  as  airfields,  telecommunications 
nstvorks,  fuel  pipelines,  ate,,  vithout  vhlch  modern  armies  cannot 
operata. 
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THE  ADVISORY  QROUP  FOn  AERONAUTICAL  HE  SEARCH  AND  DEVELOPMENT 

Historically  speaking,  the  Advisory  Group  for  Aeronautical 
He  search  and  Development,  generally  known  as  AGARD,  is  the  oldest 
NATO  aotivity  in  the  field  of  research  and  development.  Its 
establishment  vmo  recommended  tor  tho  Council  in  1951  by  a  conference 
of  NATO  Research  Directors  under  the  chairmanship  of  the  late  Prof. 
Theodore  von  Karman.  The  recommendations  were  accepted  by  the 
Standing  Group  and  AGAR D  held  its  first  meeting  in  Paris  in  1952. 

The  governing  board  of  AGARD  consists  of  national  delegates 
which  are  appointed  by  each  of  the  NATO  nations.  This  board  meets 
approximately  twice  a  year,  and  authority  to  act  between  meetings  is 
delegated  to  an  Executive  Committee  consisting  of  the  AGARD  chairman, 
four  national  delegates,  the  Director  of  AGARD,  the  Assistant  Secre¬ 
tary  General  of  NATO,  and  the  Science  Adviser  to  SACEUR. 

AGARD  is  attached  to  the  Standing  Group  of  the  NATO 
Military  Committee  in  an  advisory  capacity.  Its  purpose  is  to 
bring  together  the  leading  aeronautical  personalities  of  the  NATO 
nations  in  order  to  recommend  effective  ways  to  use  their  research 
and  development  personnel  and  facilities  for  the  conuon  benefit  of 
the  NATO  community.  A  small  permanent  staff  is  in  charge  of  the 
Implementation  of  the  recommendations  of  the  governing  board  or  the 
Executive  Committee. 

AGARD  does  not  operate  any  research  laboratories  of  Its  own 
but  confines  its  activities  to  the  stimulation  of  nations.  Its 
technical  activity  is  conducted  by  panels  working  on  selected  re¬ 
search  and  development  areas  and  through  working  groups  organized 
for  specific  purposes.  Where  appropriate,  individual  consultants 
are  also  employed,  and  special  projects  may  be  undertaken  from  time 
to  time.  For  such  studies,  AGARD  can  draw  upon  the  aid  of  several 
hundred  scientists  affiliated  with  it  as  national  delegates  or  panel 
members.  An  example  is  a  Long  Range  Study  on  Military  Requirements 
which  has  recently  been  completed  under  the  leadership  of  Prof, 
von  Karman.  AGARD  is  also  engaged  in  Operational  Research  activities 
in  coordination  with  the  NATO  Division  of  Scientific  Affairs. 

Ths  main  objectives  of  the  Panels  are: 

(1)  To  facilitate  the  interchange  of  research  and 
development  information; 

(2)  To  indicate  gapo  in  present  knowledge  and  advise 
on  how  they  should  be  filled,  and 

(3)  To  coordinate  research  and  advise  on  special 

problems. 
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Tho  panels  currently  active  ore  the  following: 

The  Aerospace  Medical  Panel 

Engineering  advancoo  have  made  it  pooolblo  to  design 
aircraft  whose  perfomance  put  a  aovero  strain  on  the  pilot. 

One  of  the  major  functions  of  the  panel  is  to  determine  the  limits 
of  stress  to  which  the  human  operator  can  be  exposed  without  severely 
affecting  his  ability  to  carry  out  his  task  and  in  more  severe  cases, 
even  to  survive.  At  the  same  time,  the  panel  stimulates  research 
activities  which  would  aid  the  human  pilot  to  cope  with  this  extra¬ 
ordinary  environment.  It  has  arranged  a  number  of  symposia  on 
various  subjects,  such  as  selection  methods  and  criteria  for  air 
crew  personnel,  adaption  of  the  airplane  to  the  pilot,  aeromedical 
aspects  of  flying  safety,  human  engineering  aspects  of  flight  in 
unconventional  aircraft,  vision  problems  in  space  and  in  conventional 
aviation,  and  others.  In  order  to  reach  an  international  audience, 
several  groups  of  collected  papers  presented  during  these  symposia 
have  been  published  and  widely  distributed. 

Avionics  Panel 


This  panel  arranges  regularly  meetings  and  symposia 
on  subject  devoted  to  specific  item  on  intense  current  interests. 

Past  topics  have  included  long-range  detection  of  fast-moving 
bodies  at  high  altitudes,  data  handling  for  air  traffic  control, 
radio  navigation  for  airborne  and  space  vehicles,  microminiaturiza¬ 
tion  of  electronic  circuitry,  and  low  noise  electronics.  The 
proceedings  of  the  panel  meetings  are  published  and  made  available 
to  engineers  and  scientists  in  all  NATO  countries. 

An  Ionospheric  Research  Committee  operating  mder  the 
Avionics  Panel  has  dealt  with  such  subjects  as  radio  wave  absorption, 
disturbances  of  solar  origin  on  comnunications,  forward  scatter 
communication  with  via  meteor  trails,  and  properties  of  the  upper 
atmosphere. 

Combustion  and  Propulsion  Panel 


This  is  one  of  the  most  active  panels  of  AGAKD,  mainly 
through  the  organization  of  technical  meetings  for  the  discussion 
of  problems  of  current  interest.  Its  annual  symposia  alternate 
with  those  of  the  Combustion  Institute  in  order  to  avoid  duplication 
and  to  strengthen  the  activities  of  both  institutions.  The  next 
symposium  prepared  for  July  1 963  will  deal  with  Energy  Conversion 
and  Space  Propulsion. 
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The  Plight  Mechanics  Panel 

Thin  panol  counts  among  its  major  achievements  the  prop* ra¬ 
tion  and  publication  of  a  NATO  flight  toot  manual  and  the  initial 
publication  of  provlalonal  recomondatlono  for  V/STOL  requirements. 
The  purpose  of  the  manual  la  to  aid  flight  tost  engineers,  teat 
pilots,  and  instrumentation  personnel  of  all  NATO  notion*  in  the 
planning  and  attainment  of  a  sound  flight  toot  program  in  order  to 
ensure  comparable  results.  Other  activities  include  exchange  of 
instrumentation  between  nations  and  provisions  for  making  available 
the  use  of  air  speed  calibration  facilities  in  the  United  Kingdom 
and  France  to  other  NATO  nations  not  equipped  for  this  purpose. 

The  Fluid  Dynamics  Panel 

This  panel,  formerly  known  as  the  Wind  Tunnel  Panel,  has 
as  its  main  objective  the  Interchange  of  aerodynamic  infomatlon, 
in  particular  that  pertaining  to  experimental  techniques.  It  is 
also  prepared  to  lend  assistance  to  various  NATO  groups  by  suggesting 
and  coordinating  research  work  in  the  field  of  fluid  mechanics.  It 
sponsors  specialists'  meetings  on  specific  subjects,  such  as  the  high 
temperature  aspects  of  hypersonic  flow  or  the  safety  aspects  of 
V/STOL  aircraft  from  the  aerodynamic  point  of  view. 

Structures  and  Materials  Panel 


NO  field  connected  with  aeronautical  research  and 
development  has  as  broad  a  scope  as  that  of  materials.  One  of 
the  main  objectives  of  the  panel  is  to  develop  design  data  for 
and  characteristics  of  the  materials  which  are  available  for 
aircraft  applications  in  the  NATO  nations.  Handbooks  containing 
these  data  have  been  published  for  aluminum,  steels,  magnesium, 
nickel,  and  titanium.  A  handbook  dealing  with  materials  of  high- 
temperature  and  high-strength  characteristics  is  in  preparation. 
Other  manuals  prepared  under  the  direction  of  the  panel  deal  with 
aeroelastlcity  and  aircraft  loads.  A  coordinated  program  on  runway 
roughness  has  contributed  to  NATO  specifications  for  future  runway 
construction. 

Technical  Information  and  Documentation  Committee 


Since  the  most  conspicuous  products  of  ACAKD  arc  reports 
(AGAKDographs),  memoranda,  handbooks,  and  miscellaneous  publications, 
of  which  close  to  500  have  been  published  already,  the  Technical 
Information  and  Documentation  Committee  plays  a  very  central  role.  w 
Its  primary  purpose  is  to  provide  service  and  advice  in  documentation 
for  the  technical  panels  of  ACARD  and  to  advise  them  on  publication 
problems.  In  addition,  the  individual  panel  membors  exert  a  consid¬ 
erable  influence  on  their  national  agencies  in  regard  to  the  publi¬ 
cation  and  propagation  of  aeronautical  information.  One  of  the  major 
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achievements  of  the  panel  was  the  production  of  tho  AGARD  Aeronaut  Leal 
Multilingual  Dictionary  on  aeronautical  terms  In  elp,ht  languages, 
namely  Dutch,  English,  French,  German,  Italian,  Ruaalan,  Spanish  and 
Turkish,  For  each  term,  a  definition  of  Its  concept  la  provided  In 
ell  of  the  eight  languages  mentioned,  Other  activities  deal  with  the 
standardization  of  technical  reports,  the  provision  of  scientific  and 
technical  Information  on  Index  cards,  the  preparation  of  specialized 
bibliographies,  Including  a  recent  literature  survey  on  magneto-f iuld 
dynamics,  the  publication  of  a  report,  "Sources  of  Translations  of 
Aeronautical  Interest,"  and  many  other  phases  of  documentation  and 
information  services. 

International  Consultant  and  Exchange  Program 

With  aeronautical  research  facilities  and  technical  per¬ 
sonnel  distributed  very  unevenly  among  the  NATO  nations,  the  Con¬ 
sultants  and  Exchange  Program  plays  an  Important  part  in  providing 
assistance  to  verious  countries  through  the  exchange  of  technical 
personnel.  Under  this  program,  AGARD  finances  visits  by  specialists 
from  one  country  to  others  for  the  purpose  of  giving  lectures  on 
fundamentally  Important  problems,  for  consultation  on  equipment  de¬ 
signs  and  on  problems  arising  in  connection  with  the  establishment  of 
new  laboratories.  AGARD  also  makes  arrangements  under  this  program 
for  the  exchange  of  research  instruments,  or  loan  of  such  instruments 
to  countries  wishing  to  carry  out  specific  research  programs,  or  for 
the  organization  of  short  duration  courses  enabling  engineers  from 
NATO  nations  to  get  acquainted  with  specific  techniques.  Activities 
are  initiated  either  by  request  from  national  delegates  or  by  recom¬ 
mendations  of  the  AGARD  panels. 

TRAINING  CENTER  FOR  EXPERIMENTAL  AERODYNAMICS 

There  are  few  nations,  and  hardly  any  institutions  of  higher 
learning,  which  possess  ail  the  research  and  educational  tools  re¬ 
quired  for  the  training  of  aerodynamlclsts  in  modern  techniques.  The 
main  purpose  of  the  Center  is  to  make  available  under  one  roof  various 
educational  models  of  modern  aerodynamic  facilities  which  are  rarely 
found  in  a  single  academic  institution.  In  this  way  tha  student  will 
not  only  become  familiar  with  one  type  of  research  equipment,  but 
will  get  a  basic  understanding  of  many  types  that  are  used  in  modern 
aerodynamics.  More  specifically,  the  Center,  located  at  Rhode  St. 
Genesa  near  Brussels,  has  the  following  alma; 

(1)  To  give  scientist*  and  engineers  from  the  NATO 
countries  specialized  training  in  tho  techniques  and  practices  of  a 
modern  aerodynamics  laboratory; 

(2)  To  contribute  to  the  dissemination  of  knowledge  in 
the  field  o!  fluid  mechanics,  and  more  particularly  of  experimental 
and  applied  aerodynamics; 

(3)  To  conduct  and  encourage  research  in  the  fields  of 
experimental  aerodynamics  nnd  fluid  mechanics, 
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The  Center  to a apt a  atudenta  whose  preparation,  la  equivalent 
to  an  M*S,  degree  of  a  university  of  the  United  8tates.  Candidates 
oust  have  a  fluent  knovledge  of  either  English  or  French.  The  course 
la  planned  for  an  academic  year  of  nine  months  and  leads  to  a  diploma. 
A  number  of  abort  (throe-month)  courses  are  also  offered.  The  Center 
vaa  established  as  a  NATO  facility  as  the  result  of  a  recommendation 
from  an  ad  hoc  group  of  AQAHD  consultants.  It  la  administered  by  an 
independent  board  of  directors;  however,  the  AGARD  national  delegates 
nominate  students  and  the  director  of  the  International  Consultants 
and  Exchange  Program  of  AGAHD  Is  an  ex  officio  member  of  the  Board. 

THE  SHAPE  AIR  DEFENSE  TECHNICAL  CENTER 

To  provide  scientific  and  technical  advice  and  assistance 
to  the  Supreme  Allied  Commander,  Europe  (SACEUR),  and  his  staff  In 
the  field  of  air  defense,  the  North  Atlantic  Council  authorized  in 
1955  the  organization  of  the  SHAPE*  Air  Defense  Technical  Center 
(SADTC)  at  the  Hague,  The  Netherlands.  Its  mission  Includes  "to 
undertake  research,  studies,  investigations,  development  projects 
and  operational  tests  concerned  with  the  air  defense  of  Allied 
Command,  Europe."  As  air  defense  cannot  be  considered  completely 
in  Isolation  from  other  military  problems,  these  terms  of  reference 
are  Interpreted  in  a  broad  sense  and  the  Center  may  engage  In  research 
development,  and  studies  relating  to  more  general  applications  of 
military  technology.  Hie  charter  also  permits  the  Center  to  render 
scientific  and  technical  assistance  to  individual  NATO  nations  under 
certain  conditions. 

The  Center  is  located  on  land  furnished  rent-free  by  the 
Netherlands  government.  Security  services  are  also  provided  by 
this  government. 

Originally  funded  by  the  U.S.  Department  of  Defense  and 
operated  under  a  contract,  the  Center  has  been  transferred  as  of 
1  March  1963  to  NATO  funding  and  administration.  The  present 
organizational  structure  and  the  caenand  and  administrative  channels 
to  the  North  Atlantic  Council  are  shown  in  Fig.  2.  Hie  civilian 
director  of  the  Center  reports  to  SACEUR  via  the  Assistant  to  the 
Chief  of  Staff.  The  charter  also  provides  for  a  scientific  coninlttee 
of  national  representatives  whose  duty  is  to  assist  SACEUR  in 
establishing  the  Center's  work  program  and.  to  provide  the  Center  with 
scientific  and  technical  advice  in  the  field  of  air  defense.  Other 
duties  of  this  eomnlttee  are: 

*  The  term  dHAFE  (Supreme  Headquarters,  Allied  Powers,  Europe)'  is 
used  Interchangeably  with  SACEUR. 
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(1)  To  advise  SACEUR  on  tho  selection  of  a  director 

and  his  deputy; 

(2)  To  see  to  It  that  all  inforaation  In  possession 
of  MATO  nations  relevant  to  the  mission  of  tho  Center  is  mado  avail¬ 
able  bo  the  maximum  extent  acceptable  to  those  natlono; 

(3)  To  assist  the  Center  in  the  recruitment  of 
qualified  scientific  personnel,  and 

(4)  To  support  the  Center  in  their  own  countries  in 

every  respect. 

Each  nation  may  also  appoint  a  liaison  officer  to  maintain 
regular  contact  with  the  Director  of  the  Center.  These  national 
liaison  officers  will  normally  attend  the  meetings  of  the  Scientific 
Committee.  All  NATO  nations,  with  the  exception  of  Iceland,  have 
availed  themselves  of  the  privilege  to  appoint  a  liaison  officer. 
There  is  also  a  liaison  officer  of  the  Center  in  permanent  residence 
at  SHAPE. 


The  current  and  projected  work  programs  of  the  Center  as 
developed  by  the  Director  are  revieved  by  the  Scientific  Committee 
of  National  Representatives  and  submitted  to  SACEUR  via  the  SHAPE 
Review  Board  for  SADTC  which  consists  of  the  heads  of  all  the  working 
divisions  in  SHAPE.  SACEUR  will  then  forward  these  recomnendations 
to  the  North  Atlantic  Council  for  approval  in  principle.  The  budget 
of  the  Center  Is  submitted  to  the  Council  via  the  Military  Budget 
Oonnittee  for  approval. 

The  scientific  program  of  the  Center  originates  in  three 
ways:  Proposals  for  specific  investigations  are  submitted  by 
individual  NATO  nations,  by  SHAPE,  or  generated  by  personnel  of 
the  Center  Itself. 

The  scientific  staff  consists  of  86  scientists,  120 
supporting  technicians,  and  140  administrative,  custodial,  and 
security  personnel  recruited  from  13  of  the  15  NATO  nations.  It 
is  organized  in  three  major  groups:  Conanuni cations,  Systems 
Research,  and  Systems  Evaluation,  and  Includes  topics  such  as 
detection  and  identification,  military  consunicatlons,  computers 
and  data  handling,  and  operational  research.  Part  of  the  work 
is  carried  out  under  contract  and  a  certain  number  of  scientific 
personnel  are  provided  on  a  loan  basis  to  the  Center  by  various 
national  organizations  and  contractors. 

THE  SCIEIfnyiC  ADVISER  TO  SACEUR 

Inasmuch  as  the  SADTC  is  located  in  the  Hague  and  because 
its  mission  is  restricted  to  air  defense,  it  was  felt  desirable  to 
have  at  SHAPE  a  small  scientific  group  which  could  maintain  day- 
to-day  contact  with  SACEUR  and  his  military  staff.  This  group, 
consisting  at  present  of  four  scientists,  is  engaged  in  studies  of 
various  military  problems,  that  arise  either  from  the  officers  at 
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SHAPE  or  are  generated  by  the  scientists  theraoelvea  on  the  basis  of 
their  own  observations.  This  group  hoe  no  administrative  reoponoi- 
bility  for  the  operntlono  of  the  OADTC  and  acta  in  a  strictly  advi¬ 
sory  capacity* 

Hie  Scientific  Adviser  la  an  ex-offloio  member  of  the 
Executive  Committee  of  AGARD  and  maintains  more  informal  liaison 
with  the  NATO  Division  of  Scientific  Affairs  and  the  Science 
Consul  ttee. 

THE  8ACLANT  A3W  RESEARCH  CENTER 


The  latest  addition  to  the  group  of  NATO  research  and 
development  activities  is  the  SACLANT  ASW  Research  Center  (SASWREC) 
at  LaSpezia,  Italy.  It  was  founded  in  May  1959  to  provide  scientific 
support  in  the  European  area  for  the  ASW  mission  of  the  Supreme 
Allied  Commander,  Atlantic.  Nine  NATO  nations  (Canada,  Denmark, 
France,  Germany,  Italy,  The  Netherlands,  Norway,  united  Kingdom  and 
the  United  States)  are  currently  represented  on  the  scientific  staff 
of  the  Center. 

ftie  basic  reason  for  establishing  this  Center  was  a  desire 
to  assemble  in  a  European  location  a  group  of  scientists  from  NATO 
nations  to  bring  together  new  viewpoints  and  a  fresh  look  at  critical 
scientific  problems  of  ASW  which  have  thus  far  resisted  successful 
solution.  The  primary  mission  of  the  Center,  therefore,  is  to 
conduct  scientific  research  programs  on  topics  of  Importance  to  anti¬ 
submarine  warfare.  In  addition,  it  provides  technical  advice  and 
consultant  services  to  SACLANT  and  through  him,  to  other  NATO 
Commanders.  It  is  not,  however,  the  purpose  of  the  Center  to  develop 
specific  pieces  of  hardware. 

The  Center  occupies  a  laboratory  building,  provided  rent- 
free  by  the  Italian  government,  located  in  an  Italian  naval  reserva¬ 
tion  at  the  Gulf  of  LaSpezla  about  four  miles  from  the  center  of  the 
town.  The  Italian  government  also  provides  custodial  and  security 
services  for  the  Center. 

The  facilities  of  the  Center  consist  of  a  set  of  electronic 
and  oceanographic  laboratories,  workshops,  a  technical  library,  a 
high-speed  digital  computer  installation,  and  the  research  ship 
ARAGONESE.  This  ship,  a  converted  3/000- ton  freighter  has  accomo¬ 
dations  for  a  technical  party  of  12  and  is  equipped  for  oceanographic^ 
electronic,  and  acoustic  work  at  sea.  For  shorter  excursions,  the 
Center  has  a  63- foot  work  boat  furnished  by  the  U.S.  Navy.  Most  of 
the  actual  research  effort  is  carried  out  at  sea  and  the  laboratory 
work  ashore  consists  mainly  of  design,  construction,  maintenance, 
and  calibration  of  scientific  equipment  to  be  used  on  the  research 
ship,  and  last  but  not  least,  evaluation  of  the  data  obtained  during 
the  various  cruises  at  sea. 
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Uiueo  Its  Initial,  cornmianlonlnc  In  Hny  ¥jcf),  thu  oi'gonlza- 
tion  and  administration  of  the  Con  tor  has  undergone  a  number  of 
changes.  Originally  funded  by  tho  Department  of  Defense  of  tho 
United  Cta ton  under  tho  Ilutual  Weapons  Development  Program  (If, ‘/DP) 
and  operated  under  contract,  flrat  by  a  comorcial  concern  and 
later  by  a  non-profit  organization,  it  lino  boon  tranof erred,  an  of 
1  February  1963  to  IIATO  funding  and  adminlotration.  Tho  proaent 
organizational  ctructure  and  tho  command  and  administrative 
channel  to  tho  Horth  Atlantic  Council  aro  shown  in  Fig.  3*  It 
should  bo  emphasized  that  the  civilian  director  of  the  Center  reports 
directly  to  SACLAlff,  who  provides  policy  direction  and  approves  tho 
scope  of  the  annual  program  of  the  Center,  including  the  magnitude  of 
the  effort  in  different  areas. 

The  charter  for  SASWREC,  which  is  very  similar  to  that  for 
SADTC,  provides  for  a  Scientific  Committee  of  National  Representa¬ 
tives  which  has  the  same  duties  in  respect  to  SACLANT  as  the 
corresponding  committee  in  the  ease  of  SADTC.  Each  participating 
NATO  nation  may  also  appoint  a  liaison  officer  to  maintain  regular 
contact  with  the  Director  of  the  Center.  These  national  liaison 
officers  are  supposed  to  inject  the  operational  viewpoint  into  the 
program;  they  will  normally  attend  the  meetings  of  the  scientific 
committee. 


The  Center  obtains  advice  on  administrative  and  personnel 
matters  from  a  representative  designated  by  the  Secretary  General 
of  NATO  (at  present  this  post  is  held  by  the  Assistant  Secretary 
General  for  Scientific  Affairs)  and  on  military  matters  from  a 
U.S.  naval  officer  named  as  Naval  Adviser  to  the  Director. 

lbe  scientific  program  of  the  Center  is  carried  out  by 
five  groups:  Sound  propagation,  target  classification,  non- 
acoustic  ASW,  oceanography,  and  operations  research.  The  scientific 
staff  consists  of  approximately  36  scientists  and  a  slightly  larger 
number  of  supporting  technicians.  The  largest  group  is  primarily 
concerned  with  the  propagation  of  sound  in  the  ocean,  with  special 
emphasis  on  the  acoustic  path  as  reflected  from  the  surface  and 
bottom.  Other  groups  are  working  on  classification  of  submarine 
targets  by  sonar  techniques,  and  finally  with  the  exploration  of 
non-acoustic  methods  for  submarine  detection. 

The  oceanographic  group,  consisting  at  present  of  eight 
scientists  and  an  appropriate  number  of  technicians,  is  engaged 
in  research  on  two  program  areas.  The  suo-group  on  physical 
oceanography  is  concerned  with  tho  structure  of  the  ocean  bottom 
and  its  effect  on  acoustical  problems  and  with  such  problems  of 
submarine  geophysics  as  the  recording  of  gravitational  and  magnetic 
data,  including  measurements  of  geomagnetic  fluctuations.  The 
sub-group  on  military  oceanography  deals  with  relntiono  between 
oceanographic  factors  and  the  performance  of  ship-mounted  sonars. 
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An  aroa  northwest,  of  Corsica  which  provides  doptho  up  to  lHOO 
fathoms  has  boon  oolooted  for  a  voty  thorough  investigation  of  all 
the  relevant  oceanographic  factoro  in  order  to  provldo  bettor  corre¬ 
lation  botween  oceanographic  data  and  prediction  of  sonar  ranges. 

The  operational  research  group  io  working  on  projects 
having  particular  pertinence  AStt  within  tho  MATO  context,  ouch 
ao  asseooeraent  of  possible  future  A3W  weapons,  parometrie  otudics 
of  ASW  effectiveness,  and  analysis  of  A3W  fleet  exercises.  The 
group  also  undertaker  work  on  specific  problems  as  requested  by 
SAC1AMT. 

The  scientific  staff  of  the  Center  is  composed  of  members 
of  all  the  participating  MATO  nations  while  the  supporting  staff  is 
mostly  Italian.  English,  however,  is  the  official  language  and  is 
used  for  all  reports  and  technical  documents.  The  total  staff  now 
numbers  approximately  150  and  the  annual  budget  approximately  $2 
million.  A  slight  increase  of  personnel  is  planned  for  the  immediate 
future  and  it  is  expected  that  the  scientific  staff  will  be  built  up 
toward  a  goal  of  50  scientists  within  the  next  two  years. 
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INNOVATION:  THE  NEW  RESOURCE 


Rear  Admiral  Lloyd  V.  Berkncr,  USNR 
Graduate  Research  Center  of  the  Southwest 


We  are  assembled  here  in  Pensacola,  on  behalf  of  our  nation, 
with  the  major  task  to  undertake  a  review  and  stocktaking  of  the 
program  of  research  and  development  that  supports  the  strength  and 
vitality  of  the  Naval  Forces  of  the  U.  S.  A. 

Since  World  War  II,  our  nation  has  learned  that  to  maintain 
world  peace,  we  must  be  constantly  on  the  alert.  There  are  nations 
that  are  ever  on  the  lookout  for  any  opportunity  to  extend  their  power 
and  authority  over  free  peoples.  Only  a  viable  American  military 
strength  in  full  readiness  can  thwart  those  unholy  ambitions.  We 
have  learned  that  with  any  sign  of  weakness,  the  consequent  rise  of 
enemy  overconfidence  encourages  him  to  embark  on  rash  adventures 
that  could  precipitate  the  world  in  a  destructive  holocaust.  Any 
advantage  acquired  by  a  potential  enemy  creates  a  highly  dangerous 
condition  that  threatens  the  peace.  Therefore  we  must  constantly 
Improve  our  weapons  and  tactics  so  that  they  are  always  competent 
to  deal  effectively  with  any  conceivable  situation.  Herein  lies  the 
critical  importance  of  our  task--to  ensure  that  the  most  advanced 
scientific  thinking  of  cur  time  is  thoroughly  explored  for  its 
military  implications,  and  scientific  opportunities  adapted  to  maxi¬ 
mize  our  strength. 

We  aro  all  aware  that  the  character  of  military  power  began 
a  major  evolution  with  the  turn  of  the  Twentieth  Century.  Thatr 
evolution  arose  from  the  growing  effectiveness  of  science-,  and  the 
consequent  engineering  derived  fr-an  it.  Up  to  the  end  of  the  last 
century  the  rifle  and  the  cannon,  coupled  with  hand-to-hand  combat, 
dominated  the  scene.  But  our  century  sew  the  beginnings  of  subtle 
chsnge--stsem  power  from  the  science  of  thermodynamics,  aircraft 
from  aerodynamlca,  and  radio  from  alcctromagnetic  theory. 

Of  courts,  science  hes  elweys  exercised  an  influence  on 
military  strength,  from  the  burning  glass  of  Archimedes  at  Syracuse, 
to  gun  powder  derived  from  the  earliest  chemistry.  Indeed,  over  tho 
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flf’.t"**  .l«*lnic«  has  always  Iumui  strongly  stimulated  n.ul  oxplol  C**fl  l  v 
t!i«  human  r<*  to  acquire  military  advantage  out  ni‘  :»<: 1  out  I  i  •  <•  dis¬ 
covery,  Yet  until  tho  turn  of  till)  conturv,  science  was  not  fitron;*, 
enough  to  enure t au  «  really  major  influence  over  military  doctr'nc. 

The  mighty  ohnugca  of  the  power  of  science  during  the  70 tl« 
century  hove  revolution  (.zed  tho  sltuAt’nn.  With  the  turn  of  the 
century  wo  began  the  ocqutji.ei.uu  of  mu  a i together  new  und  for  more 
powerful  science.  The  names  of  Planck,  Einstein,  Rutherford,  Bohr, 
Ketsenburg,  de  Broglie,  Shrocdlnger,  Dime,  Chndwlck,  llnhn  nod 
Strassman  stand  out  In  the  creation  of  this  new  science.  In  a  mere 
35  years,  from  1905  to  19 AO,  we  acquired  the  science  of  the  miniscule, 
the  science  of  the  particles  from  which  matter  and  energy  is  formed. 

We  learned  the  limitations  beyond  which  the  time-honored  principle 
of  cause  and  effect  hod  no  further  meaning.  Out  of  these  revo¬ 
lutionary  cientific  advances  emerged  our  comprehension  of  the  wave- 
structure  of  the  universe,  and  the  wave-mechanics  that  governed  it. 
This  was  a  science  of  altogether  new  power  in  its  ability  to  control 
and  manipulate  natural  processes. 

Almost  immediately,  with  World  War  II  came  the  opportunity 
to  test  this  new  science.  It  gave  us  radar  to  extend  our  vision  a 
hundred  times.  It  gave  us  new  concepts  of  acceleration  that  vastly 
increased  velocities.  It  gave  us  energy  from  the  nuclei  of  matter 
that  provided  the  atomic  bomb.  For  the  first  time  in  history  the 
application  of  a  scientific  discovery  ended  a  war  forthwith! 

Even  more  Important,  we  had  made  the  discovery  that  the 
new  science  wes  so  powerful  that  when  applied  consistently  to  any 
technology,  it  could  revolutionize  that  technology. 

In  the  retrospect  of  two  decades,  we  can  now  perceive  that 
this  discovery  was  the  beginning  of  a  revolution  In  human  affairs. 

For  this  discovery  was  the  foundation  of  what  we  are  now  beginning  to 
recognize  as  the  technological  revolution.  This  technological  revo¬ 
lution,  as  it  develops  toward  the  end  of  this  century  will  doubtless 
be  the  most  profound  event  in  human  history.-  It  gives  man  a  new 
command  over  his  environment,  a  command  we  do  not  yet  fully  appreciate 
or  Indeed  even  fully  comprehend.  It  is  a  power  that  can  free  man 
from  drudgery,  to  give  him  opportunity  for  the  full  range  of  exercise 
of  the  human  mind. 


In  these  very  times,  in  the  midst  of  tho  most  revolutionary 
scientific  thought  of  man's  whole  history,  we  find  ourselves,  as  a 
group,  charged  with  discovery  and  development  of  the  ideas  from  which 
the  Navy  of  the  future  must  rise.  As  we  look  back,  with  20-20  hind¬ 
sight,  we  sec  the  incredible  change  in  our  Navy  over  the  past  half 
century.  We  know  that  in  the  next  half  century,  to  meet  the  enemy's 
challenge,  an  even  greater  change  in  weapons  and  tactics  must  occur, 
Vo  are  the  men  charged  with  the  dtrcctlon  and  Initiation  of  that 
change.  Are  we  really  up  to  this  Job? 
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With  Cho  unfolding  of  the  technological  revolution  wo  hava 
onrnod  that  Clio  day  of  the  long  haired  Inventor  Is  over.  tlo  longer 
do  the  Idans  underlying  the  rtsa  of  great  Industries  or  great  systems 
coma  from  Cha  Thomas  lidlsons  or  Cho  Alcxmulcr  Graham  1'clls,  or  cho 
Henry  Fords,  working  from  choir  powerful  but  untrained  Imaginations, 
the  complex  technological  advances  of  coday  arc  derived  fron  cho  very 
boundaries  of  knowledge" from  Che  sophisticated  search  of  advanced 
science  for  etio  Ideas  from  which  Che  Important  Innovation  of  our 
Clme  Is  new  derived. 

In  this  changed  environment,  as  a  consequence  of  the  tech¬ 
nological  revolution,  n  problem  is  to  develop  a  system  of  manage¬ 
ment  and  operation  that  can  optimize  the  derivation  end  transforma¬ 
tion  of  Ideas  out  of  science  that  are  applicable  to  more  effective 
tactics  and  supporting  weapons  systems. 

What  are  the  elements  of  such  a  system  of  management  and 
operations? 

First  of  all  we  must  have  Intimate  e cces3  to  the  evolving 
Ideas  of  science.  To  do  this  effectively  we  have  learned  that  we 
must  actively  participate  In  the  advancement  of  science  on  all 
fronts. 


Second,  from  the  ideas  evolved  from  enlarging  scientific 
knowledge  must  be  derived  the  conceptual  applications.  This  Is  the 
major  step  of  "Invention"  requiring  e  complete  knowledge  of  the 
cepebilitiea  of  science,  an  acute  appreciation  of  man's  potential 
needs,  end  an  unlimited  creative  imagination  In  conceptually  trans¬ 
forming  basic  science  into  something  that  can  efficiently  advance 
men* a  capabilities. 

Third,  from  the  conceptual  invention  follows  the  pre¬ 
liminary  aopralsal  of  the  practicability  of  the  idea.  This  involves 
realistic  assessment  of  probable  effectiveness,  cost  of  development 
and  of  ultimate  production,  relative  advantages  in  competition  with 
existing  methods,  elaboration  of  altogether  new  opportunities  offered, 
and  technical  problems  In  effectuation. 

Fourth,  is  the  applied  research  required  to  remove  techno¬ 
logical  blocks  standing  in  the  way  of  realization.  This  Involves 
directed  research  to  solve  and  remove  rather  well  defined  problems. 

Fifth  and  finally,  is  the  actual  development  of  prototypes 
for  teat  and  evaluation  of  hardware  in  the  conceptual  tactical  en¬ 
vironment. 

These  then  are  the  demon. s  of  Innovation  In  this  techno¬ 
logical  revolution  Cor  which  a  system  of  management  and  operation 
must  le  perfected: 
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1.  Acccs.n  to  ucluncu 

1.  Invention  out  of  science 

l.  Appraisal 

U,  Removal  ot  technical  blocks 

5,  Development  of  prototype*! 

Our  job  In  the  Navy  Is  to  perfect  thnt  system  of  manage- 
ment  and  operation  In  our  revolutionary  techno] ogical  environment, 
which  can  produce  useful  and  effective  Innovation  at  an  optimum  t ’t  . 

Let  us  look  just  a  Mt  more  closely  at  those  olcme.tts  of 
innovation  Cor  uMe  i  management  is  required. 

The  Office  or  "avr.l  Research  is  the  Navy's  spearhead  In 
access  to  science.  Through  contracts  with,  and  reperrs  from  uni¬ 
versity  scientists;  through  association  wise.  the  "aval  Research 
Laboratory  and  other  government  scientific  Institutions;  and  through 
contacts  and  contracts  with  the  scientific  laboratories  of  Industry, 
the  Navy  maintains  intimate  knowledge  of  the  whole  range  of  our 
scientific  advance.  Certainly  our  methods  of  this  aspect  of  our 
management  of  innovation  is  already  skillfully  developed. 

Efficient  management  of  the  problem  of  invention  is  h  much 
more  difficult  matter.  Today  the  process  of  invention  is  not  well 
understood.  L’e  know  that  the  inventor  of  our  tine  imist  be  a  highly 
trained  and  motivated  scientist  or  engineer  who  on  one  hand  has 
complete  access  to  the  relevant  scientific  knowledge,  and  on  the 
other,  has  an  imaginative  vision  of  potential  requirements  and  ap¬ 
plications.  One  is  often  astonished  when,  after  lying  fallow  for  a 
long  time,  some  potent  scientific  idea  or  principle  is  broi  ,;ht  alive 
into  a  major  invention  by  the  facile  mind  of  an  imaginative  inventor. 
Sometimes  invention  flows  from  the  concentrated  Interaction  of  the 
brains  of  a  combined  group  of  scientists  and  engineers  in  a  highly 
organized  brainstorming  session. 

I  recall  participating  in  the  invention  of  3catcer  propa¬ 
gation  at  HIT  in  1950.  Eight  scientists  and  engineers  came  together 
for  several  weeks  to  re-examine  the  whole  of  electromagnetic  theory 
and  its  terrestrial  environment  for  new  forms  of  high-frequency 
propagation  over  longer  distances.  Everyone  knew  at  the  start  that 
the  task  was  hopeless--yct  in  a  few  weeks  several  inventions  became 
obvious.  But  they  • ppeared  only  after  studying  and  debating,  and 
questioning  every  statement  of  theory  and  experiment  that  had  baen 
done.  These  Invent Iona  involved  a  considerable  extension  of  theory 
on  the  spot--theory  that  then  suggested  quick  confirmatory  experi¬ 
ments,  Out  of  this  deliberate  Inventive  effort  have  grown  whole 
new  communications  systems  and  great  Industries, 

But  since  we  do  not  understand  tho  process  of  invention 
very  clearly,  we  do  nor.  knov  how  to  manage  It  very  well.  Perhaps 
an  extensive  research  should  le  done  to  Identify  the  circumstances 
and  environments  from  which  spoc'Clc  Invention!  out  of  science  new 


xxxlv 


nrtau,  Cortnl  iLy  tlicra  i.rc  plenty  of  example!!  to  '  >-  'mulled,  f 
realize  that  most  peoplu  will  iifly  that  Invention  cannot  I  e  oilier  than 
a  matter  ol!  abuer  cluincu,  Involving  tliu  nceldnutnl  eon  junction  of  a 
variety  of  unpredictable  circumstance:*,  line  my  Intuition,  sharpened 
by  Ion;:  experience,  tolls  mo  that  Clu.i  la  not  quite  correct.  I  be* 
Hove  that  a  doctrine  could  bo  evolved  to  Inc  re  a. no  greatly  the 
probability  oi  unaful  Invention,  Rut  at  tlio  mon'ut,  we  must  admit 
that,  out  of  Ignorance,  our  national  management  oi  Invention  la  a 
little  too  muth  influenced  by  undirected  and  unplanned  chance. 

Given  the  invention,  the  succeeding  steps  are  more  atra'ght 
forward.  Nevertheless  they  require  great  ski  11  and  imagination  in 
their  manage*  .ent. 

Realistic  appraisal  of  invention  involves  great  compre¬ 
hension,  an  imagination  guided  only  by  technological  reality,  and  a 
tremendous  recourse  to  experience.  The  character  of  appraisal  de¬ 
pends  of  course  on  the  character  of  the  inventive  proposal.  Improve¬ 
ments  of  existing  weapons  can,  of  course,  be  assessed  by  the  Bureau 
or  Office  responsible  for  them. 

But  the  really  great  inventions,  with  their  consequent 
major  tactical  evolutions,  transcend  the  capabilities  of  any  single 
internal  Naval  organization.  One  suspects  that  the  most  powerful 
ideas--ldeas  whose  synthesis  will  really  give  us  our  Navy  of  the 
21st-Century--shr»ud  each  be  appraised  by  a  special  Navy-wide  task- 
force.  For  such  a  task  force,  we  need  highly  trained  and  imaginative 
officers,  scientist,  and  engineers  from  the  Navy  Bureaus  and  Offices, 
with  representatives  of  their  laboratories  and  contractors.  But  mere 
technical  assessment  of  great  conceptual  military  advances  is  not 
enough.  We  need,  in  the  appraising  task  force,  men  from  the  fleet 
and  from  the  war  colleges  who  can  examine  the  whole  range  of  tactical 
advances  implicit  in  powerful  inventive  innovations.  In  the  ap¬ 
praisal  stage,  these  men  must  work  together  in  conceiving  and  con¬ 
ceptually  testing  the  inevitable  alternative  combinations  of  techni¬ 
cal  forms  with  their  emergent  tactical  potentials.  Some  responsi¬ 
ble  naval  office,  such  as  ONR,  should  perhaps  be  given  the  responsi¬ 
bility  of  initiating  and  quarterbacking  broad  appraisals  of  con¬ 
ceptual  systems  emergent  from  scientific  discovery  and  consequent 
Invention. 


Doubtless,  the  stage  of  appraisal  is  critical.  History 
is  replete  with  examples  of  failure  to  appraise  the  real  worth  of  a 
great  invention— this  very  failure  was  the  direct  antecedent  of  the 
split  between  the  Army  and  Air  Force,  Fortunately,  the  Navy  has 
been  quiek  in  its  response  to  invention  with  its  early  espousal  of 
carrier-based  aviation,  the  nuclear  submarine,  and  the  strategic  and 
the  tactical  employment  of  the  Polaris  missile. 
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With  tlus  ouaot  of  the  technological  rcivolutlon,  thcaa 
groat  Innovations  era  only  portents  of!  tho  mighty  changes  for  which 
wo  must  fjlrd  oursulvos  In  Clio  future— tha  Navy  of  the  2lot  Cutitury. 
Tills  now  technological  onvlronmcnt  warns  iij  that  wo  muni;  constantly 
review  our  posture  of  innnngcnam:  so  that  no  opportunity  lor  greater 
strength  Is  lost  or  deferred. 

The  final  steps  toward  Innovation— removal  of  technical 
blocks,  and  development  of  p"'totypcs— Is  well  within  our  capacity. 
Once  the  requirement  Is  set,  the  Navy  has  always  been  capable  of  a 
superb  response.  The  Navy's  performance  In  creating  the  Polaris 
nuclear-submarine  Is  perhaps  the  most  distinguished  chapter  In  the 
history  of  military  weaponry  and  naval  tactical  development. 

In  assessing  the  spur  of  Innovation  to  the  Improvement  of 
our  Naval  Forces,  we  cannot  Ignore  the  consequent  benefits  to  our 
total  economy.  Throughout  history,  nations  have  risen  to  greatness 
from  the  advanced  development  of  their  technologic  capabilities. 

Our  military  encouragement  of  science  and  our  systematic  exploitation 
of  that  science  for  useful  application  exerts  a  powerful  Influence 
on  our  entire  national  technological  posture.  Out  of  this  advanced 
technology,  so  strongly  developed  out  of  military  need,  arises  a  host 
of  new  civil  opportunities  for  new  products  and  services  useful  to 
man.  Inevitably,  these  play  a  major  role  In  our  rising  economy.  So 
aside  from  our  defense,  our  military  technology  provides  a  high 
level  of  national  technological  dexterity  from  which  flows  man's 
ever- Improving  capability  to  command  his  environment  for  his  benefit. 
In  these  days,  when  our  natural  resources  approach  full  development, 
innovation  out  of  advanced  science  and  technology  becomes  the  new 
resource  on  which  our  national  economy  will  rise. 

In  concluding,  I  cannot  avoid  mention  of  one  major  auxili¬ 
ary  problera--the  problem  of  manpower  trained  to  command  the  boundar¬ 
ies  of  knowledge.  In  the  context  of  the  technological  revolution, 
such  men  are  required,  at  every  stage  of  Innovation,  In  large  numbers 
and  over  the  whole  range  of  scientific  fields. 

Before  World  War  II,  our  educxrfnn  at  graduate  levels  was 
growing,  healthily.  In  1920  ten  great  American  graduate  universities 
had  emerged  to  produce  the  bulk  of  our  doctoral  graduands.  By  1940, 
this  had  increased  to  20  universities.  Now  In  1963— more  than  two 
decade*  later — 20  universities  3tl  11  produce  tvo- thirds  of  our  Ph.D.'s. 
Since  the  war,  emergence  of  new  great  graduate  universities  has  come 
to  a  halt.  During  the  seme  interval,  with  the  onset  of  the  techno¬ 
logical  revolution,  the  need  for  vastly  Increased  numbers  trained 
to  the  limits  of  knowledge  lias  become  critical.  When  the  nation 
naada  a  quantum  Jump  in  opportunity  for  graduate  education,  we  find, 
beyond  the  top  twenty,  the  universities  are  faltering. 
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ta  Clio  tout  diruMlo,  \.-lt f  1  **  r.l.r*  Soviet  Union  Imti  Incrunacd 
ita  cnglncor tan  ;;rrulun tan  to  i:’0,000  per  y«'/»r,  ours  lwtvi»  dropped 
from  *50,000  to  J0,()(.0,  01  tlto  Liicrenocd  itltnro  <>r  rfoctornl  gr/idunndfl 

from  American  imlveralti.ua,  a  auLatnntifll  prop  rtion  rupruarnt  atu* 
dents  Crom  abroad. 

The  nituatlon  is  now  so  critical  that  every  segment  of  our 
nation,  private,  state  and  national,  should  contribute  its  part  to 
its  correction.  As  a  major  employer  of  scientific  and  engineering 
manpower,  both  directly  and  through  its  contractors,  the  Navy  cannot 
avoid  every  possible  mea.  ire  to  stimulate  education  of  the  men  needed 
for  its  own  future  effectiveness.  With  such  stimulation,  we  can  only 
hope  that  the  leaders  of  universities  21  to  100  will  awaken  to  their 
national  responsibilities.  Americans  have  risen  to  crises  before, 
and  I  think  that  with  the  critical  realization  before  them,  they  will 
now  rise  to  this  present  crisis  In  advanced  education.  A3  the  Presi¬ 
dent's  Science  Advisory  Committee  points  out--we  must  double  graduate 
opportunity  by  the  end  of  the  decade. 

Looking  ahead,  the  future  of  our  Navy  is  bright.  We  have 
been  quick  to  establish,  through  ON'R,  an  unparalleled  access  to 
science.  We  have  been  successful  in  retaining  world  leadership  in 
naval  weapons  and  tactics.  As  we  face  the  full  power  of  the  techno¬ 
logical  revolution,  we  search  actively  for  those  methods  of  manage¬ 
ment  and  operations  that  can  turn  this  revolution  in  technology  to 
our  best  advantage  through  wise  employment  of  Innovation. 

Corananding  the  seas  that  cover  three-fourths  of  the  Earth 
and  provide  access  to  most  of  It,  with  unparalleled  mobility  and 
readiness,  and  with  an  almost  Instant  capability  for  response  where- 
ever  trouble  may  arise,  our  Navy  will  continue  to  provide  that  de¬ 
fense  within  which  freedom  can  prosper  and  free  men  can  live  In 
peace. 
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PRESENTATION  OF  THE 
CAPTAIN  ROBERT  DEXTER  CONRAD  AWARD 

Rear  Admiral  L.  D.  Coates,  USN 
Chief  of  Naval  Research 


The  pleasant  task  has  fallen  on  me  to  present  the  annual 
Captain  Robert  Dexter  Conrad  award  for  an  outstanding  contribution  to 
the  advancement  of  Naval  science.  This  is  the  highest  award  conferred 
by  the  Office  of  Naval  Research,  and  the  man  who  receives  it  must  com¬ 
pete  with  a  number  of  eminent  nominees.  Starting  with  the  first 
presentation  of  this  award  to  Dr.  Alan  Waterman,  we  have  been  careful 
to  select  those  men,  civilian  scientist  or  naval  officers,  who  have 
done  most  to  advance  naval  science  in  a  bold,  pioneering  manner  as 
exemplified  by  Captain  Conrad. 

As  the  first  head  of  the  Planning  Division  at  the  time  ONR 
was  established.  Captain  Conrad  was  the  primary  architect  of  the 
Navy's  basic  research  program  and  an  apostle  of  the  increasingly  im¬ 
portant  role  of  scientific  research  to  the  Navy.  The  policies  and 
principles  of  operation  of  the  Navy's  early  postwar  research  program 
are  still  generally  in  effect  today. 

Captain  Conrad  himself  was  heir  to  a  long  tradition  of  the 
Navy's  close  relationship  with  science  that  goes  back  to  the  first 
half  of  the  19th  century.  It  was  in  1830  that  the  Navy  inaugurated 
its  first  scientific  program  with  work  in  the  field  of  astronomy, 
magnetism  and  meteorology.  This  program  formed  the  nucleus  of  what 
became  the  Naval  Observatory  which  opened  formally  in  1844.  Sig¬ 
nificantly  it  is  the  scientific  director  of  the  Observatory  whom  we 
are  honoring  tonight. 

The  fact  that  astronomy  was  the  Navy's  earliest  area  of 
scientific  study  is  no  happenstance.  The  Navy's  ships  had  to  navl- 
gato  the  trackless  expanse  of  the  world's  oceans  with  only  the  sun, 
moon  and  the  stars  to  serve  ns  guldoposts.  A  key  factor  in  navi¬ 
gation  1 3  precLse  time.  Since  its  establishment ,  the  Naval 
Observatory  has  had  the  responsibility  for  the  determination  of  time 
In  the  United  States. 
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In  recent  yanra,  especially  stnco  thu  end  of  World  War  If, 
the  need  for  more  precise  tLtna  Inn  Increased  at  a  rapid  rate, 

Especially  for  mlsollu  rod  sntrollf.ee  tracking  It  Imri  become  necessary 
to  me a sure  time  with  great  precision,  tn  order  to  obtnln  this  ex¬ 
treme  precision  tho  master  clock  at  tho  Observatory,  which  controls 
the  Time  Service  Broadcasts,  13  an  atomic  clock.  Since  January  1, 

1953,  the  Naval  f."'r-ervn“n-y  has  ’'raping  "atomic  time"  by  averag¬ 
ing  its  atomic  clock  output  with  eight  others  distributed  around  the 
world.  All  nine  of  those  clocks  detect  and  amplify  the  electromag¬ 
netic  waves  radiated  by  a  beam  of  cesium  atoms  passing  through  a 
tuned  radio-frequency  cavity. 

Some  of  the  most  Important  data  on  which  calculations  are 
based  are  the  movements  of  the  sun  and  the  planets,  and  it  Is  id  this 
area  that  Dr.  Gerald  Clemence  has  made  his  greatest  contribution. 

Early  in  his  career  Dr.  Clemence  initiated  and  conducted  a  long  series 
of  research  studies  concerning  the  theories  and  tables  of  motions  of 
the  sun  and  the  planets.  The  tables  and  theories  then  in  use  had  been 
devised  by  Navy  scientists  in  the  late  19th  century  and  had  been  used 
for  half  a  century  to  fulfill  the  astronomical  and  navigational  needs 
of  that  time. 

However,  advancing  technology  and  the  more  complex  equipment 
under  development  Just  prior  to  World  War  II  made  demands  that  showed 
that  the  tables  then  in  use  were  beginning  to  deviate  seriously  from 
observation.  Some  investigations  had  indicated  where  temporary  adjust¬ 
ments  and  corrections  could  be  made.  He  ever,  the  rapid  advances  be¬ 
ing  made  in  other  areas  required  far  more  accurate  and  precise  pre¬ 
dictions. 

Dr.  Clemence’ s  work  in  obtaining  much  of  the  required  data 
through  his  studies  in  celestial  mechanics  won  him  national  and  inter¬ 
national  recognition.  His  roost  significant  studies  delineated  the 
motions  of  the  planet  Mercury  based  on  a  careful  study  of  all  the 
astronomical  observations  of  that  planet  recorded  between  1765  and 
1937.  The  data  presented  in  these  studies  were  developed  with  such 
precision  that  they  form  the  beat  proof  currently  available  of  the 
validity  of  the  theory  of  relativity.  Using  a  technique  unprecedented 
for  such  an  analysis,  he  corrected  the  observed  positions  of  Mercury 
for  errors  Introduced  by  retardations  and  fluctuations  in  the  earth’s 
rate  of  rotation. 

In  addition.  Dr,  Clemence  first  proposed  a  specific  method 
for  calculating  a  uniformly  varying  time  generally  known  as  Epheroer- 
ia  time.  Both  the  concept  of  Ephemeris  time  and  Dr.  Clemence’ s 
method  for  calculating  it  were  adopted  in  i960  by  the  International 
Astronomical  Union,  The  determination  of  Ephemeris  time  is  now  a 
dally  task  at  the  Naval  Observatory. 
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Another  of  Dr,  Clcmanca'a  achievements  was  hlfl  development 
and  administration  of  a  program  for  Investigation  of  the  motions  of 
the  planets  and  satellites.  Thin  program  was  organized  In  1947  In 
cooperation  With  Yale  University  Observatory  and  the  Watson  Scientific 
Computing  Laboratory,  with  the  support  of  OUR,  The  purpose  of  the 
program  Is  to  overcomo  Inadequacies  of  current  theories  of  motion  of 
etie  principal  members  at  the  solar  system. 

In  this  connection,  Dr.  Clemencc  has  organized  long-range 
programs  for  systematic  and  complete  revision  of  the  theories  of  the 
orbital  motion  of  the  planets  about  the  sun,  of  the  moon  about  the 
earth,  and  the  rotation  of  the  earth  about  its  axis.  Results  of  this 
program  have  been  published  In  many  papers. 

Dr.  Clemence  has  been  employed  by  the  Navy  for  more  than  30 
years.  Hls  research  programs  have  not  only  provided  the  Navy  with  a 
vastly  improved  capability  In  the  fields  of  astronomy  and  navigation 
but  have  proven  of  great  value  both  to  our  allies  and  to  the  scientific 
professions.  Under  his  direction,  the  U.  S.  Naval  Observatory  has 
grown  immensely  In  stature  and  reputation. 

I  am,  therefore^  pleased  to  present  to  Dr.  Gerald  M.  Clemence 
the  seventh  annual  Captain  Robert  Dexter  Conrad  award. 

(After  Presentation) 

The  citation  reads  as  follows:  "For  outstanding  contri¬ 
butions  to  celestial  mechanics  theory  for  navigational  and  space 
technology  purposes.  Being  foremost  in  your  field,  the  foresight, 
wisdom  and  industry  which  you  brought  to  bear  have  greatly  assisted 
the  Navy  and  this  nation. 

"As  Scientific  Director  of  the  Naval  Observatory  and  con¬ 
sultant  to  the  Chief  of  Naval  Operations  and  Chief  of  Naval  Research, 
your  leadership  as  a  scientist  and  administrator  has  helped  to  make 
possible  the  high  prestige  with  which  the  United  States  Navy  and  the 
Naval  Observatory  are  held  throughout  the  world." 


xxxx 


ACCEPTANCE  OF  THE  CONRAD  AWARD 


Dr.  Gerald  M.  Clcmencc 
U.  S.  Naval  Observatory 
Washington,  D,  C. 


Admiral  Coates,  ladies  and  gentlemen:  I  think  I  hardly  n 
tell  you  that  this  event  is  the  most  gratifying  one  of  my  professional 
career.  It  is  sweeter  to  be  honored  at  home,  among  friends  and 
neighbors,  than  elsewhere  among  strangers.  It  is  better  to  be  honored 
by  one's  employer  than  by  those  who  sometimes  seek  favors  in 
And  it  is  a  special  delight  to  be  honored  above  one  s  aspirations,  as 
I  have  observed  the  eminence  of  the  previous  recipients  of  the  Conrad 
Award,  I  have  felt  it  to  be  as  far  beyond  my  reach  as  the  moon  is. 

That  much  was  pretty  straightforward.  It  is  more  difficult 
to  decide  how  to  use  my  remaining  time.  Clearly  I  should  not  sp®** 
about  anything  in  which  I  have  any  real  competence,  tor  you  would  alt 
be  asleep  in  no  time,  and  I  should  try  at  least  to  keep  you  awake 
until  Admiral  Berkner  begins.  After  much  hesitation  I  have  decide 
to  talk  about  the  principles  that  have  guided  me  in  my  career  fcith 

the  Navy. 

When  I  joined  the  Naval  Observatory,  fresh  out  of  school, 
in  1930,  I  made  two  rules  for  myself: 

1.  To  act  at  all  times  in  such  a  way  as  to  please 
my  immediate  superior. 

2.  To  adopt  a  policy  of  non-aggression  toward  all 
my  associates. 

After  fifteen  years  of  living  with  these  two  rules  I 
found  myself  tht>  senior  civilian  at  the  Observatory.  It  then  be¬ 
came  evident  that  some  modification  of  the  rules  was  pessary.  I 
did  Intend  to  please  my  conrninmHng  ocftcer,  but  it  v.a.i  cl 
could  not  expect  much  help  from  him  in  conducting  the  sc jjntlflc 
work.  So  I  decided  to  consult  tho  taxpayers,  ano  Icr' 

dangerous  to  seek  advlco  without  intending  to  take  any  oE  it,  i 
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clio'if’  my  mlvlimr/i  with  cur'— -£  iiclcctcd  the  tin  lOdo^ru  u-ulor  •>  it  ro< to¬ 
me  r  >  In  the  United  Stntiwi,  l  found  ttlu.’in  nil  v/igur  to  help  the  oi  :si»rvn- 
fcory,  find  mo.it  o>'  what  f  have  accomplished  rtlncu  la  tins  result  of  the 
ndvlce  they  pave  me  thou,  and  t.i/mv  times  afterwards,  Incidentally,  no 
consulting  Coe  was  ever  paid  for  any  of  the  ndvlce, 

I  also  relaxed  very  slightly  my  policy  ai  uon-nggreaston,  to 
the  extent  of  helping  a  few  of  my  associates  to  find  poslt'ons  bettor 
fitted  to  their  nhlllty  and  temperament  than  the  ones  they  fere  occupy¬ 
ing. 


Respecting  military-civilian  relations  I  also  had  (and  have) 
two  rules.  I  asked  the  astronomer  I  relieved  in  1(j45,  whom  I  knew  to 
be  a  wise  man,  whether  he  could  give  i'  any  advice  about  my  new  job 
(expecting,  of  course,  that  he  might  propose  a  piece  or  two  of 
scientific  work).  After  two  days  he  gave  me  two  rules: 

1.  Have  no  secrets  from  your  commanding  officer. 

2.  Before  you  quarrel  with  him,  make  sure  the  subject 
is  really  important. 

I  have  followed  these  rules  religiously,  and  I  have  nevsr 
had  a  quarrel  with  my  commanding  officer,  and  I  commend  t>.°™  ’'■'gh.y. 

So  much  for  my  principles  as  I  see  them.  What  about  the 
truth  of  my  story?  Have  I  been  picturing  myself  as  I  wish  to  be  seen, 
or  have  I  been  picturing  myself  as  others  see  me?  There  is  no  way  for 
me  to  find  out  directly.  If  I  ask  the  persons  who  really  know  me, 
they  will  say  it  is  a  true  picture,  whether  in  fact  it  is  or  not.  But 
the  truth  could  be  ascertained  if  you  will  a3k  those  who  know  me,  and 
if  you  do  I  hope  you  will  report  back  to  me. 
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INTERMETALLIC  COMPOUND  BASED  MATERIALS 
FOR  STRUCTURAL  APPLICATIONS 


W.  J.  Buehler 

U.  S.  Naval  Ordnance  Laboratory 
Silver  Spring*  Maryland 


Introduction: 

In  recent  years  there  have  been  increasing 
demands  made  of  the  metallurgists  and  materials  scientists 
to  develop  metallic  materials  with  unique  properties  or 
combinations  of  properties.  A  partial  list  of  such 
properties  or  combinations  of  properties  might  include 
the  quality  of  being  non-magt.etic ,  having  a  low  density, 
possessing  high  strength  at  both  room  temperature  and 
elevated  temperatures,  having  resistance  to  oxidation, 
abrasion,  and  corrosion,  along  with  such  specialty 
properties  as  mechanical  vibration  damping  over  a  wide 
range  of  stress  and  temperature.  These  are  but  a  few 
of  the  requirements  demanded  by  our  fast  moving  tech¬ 
nology  that  will,  in  the  foreseeable  future,  allow  men 
to  move  freely  in  outer  space  as  well  as  in  the  vast 
depths  of  the  ocean  floor,  or  still  further  travel  at 
high  rates  of  speed  over  a  water  surface.  Accomplishing 
these  ends  is  a  cooperative  venture  that  requires  among 
other  areas  of  technology  new  metallic  materials  with 
properties  superior  to  presently  available  materials. 

To  meet  these  demands  within  the  naval  establish¬ 
ment,  the  metallurgists  at  the  U.  S.  Naval  Ordnance 
Laboratory,  White  Oak,  Maryland  have  been  con-_ 
ducting  research  on  Intermetalllc  Compound  Base  materials. 
By  definition  given  in  the  Metals  Handbook  '{ASM ) ,  8th 
edition,1  an  Intermetalllc  Compound  is  "An  intermediate 
phase  of  an  alloy  system,  having  a  narrow  range  of 
homogeneity  and  relatively  simple  stoichiometric  pro¬ 
portions,  in  which  the  nature  of  the  atomic  binding  can 
vary  from  metallic  to  ionic."  In  order  to  further 
describe  an  intermetalllc  compound,  two  typical 


l 


Buthlsr 


equilibrium  diagrams  which  include  representative  typos  of 
compounds  aro  given  in  Figure*  1.  Tho  equilibrium  diagram 
(or  constitution  diagram)  is  ono  of  tho  metallurgist’s 
principal  tools  in  studying  phase  equilibria  existing  in 
tho  solid  state  in  a  two  or  more  component  metal  system. 
Observing  the  diagrams  given  it  can  be  seen  that  the 
hypothetical  compounds  given  are,  as  the  definition  in¬ 
dicates,  intermediate  phase(s)  in  an  alloy  system  having 
a  relatively  narrow  range  of  homogeneity.  In  addition,  it 
should  be  pointed  out  that  the  compound  can  exhibit  con¬ 
gruent  or  incongruent  melting  (C^Dq)  and  in  many  cases  a 
compound  may  have  a  melting  point  Higher  than  either  of 
the  two  component  metals  from  which  it  is  formed.  This 
can  be  seen  in  the  case  of  compound  ClD^  in  the  right  hand 
diagram  of  Figure  1. 

Intermetallic  compounds  'nave  long  been  recognized 
for  their  unusual  physical  and  mechanical  properties. 

Some  compounds,  particularly  those  composed  of  Group  III 
and  V  metals,  act  as  semiconductors,  others  resist  losing 
their  strength  to  high  homologous  temperatures.  However, 
in  spite  of  their  versatility,  the  usefulness  of  inter¬ 
metallic  compounds  for  structural  application  has  been 
severely  limited  by  room  temperature  brittleness.  As  a 
result,  their  greatest  use  to  date  has  been  as  a  minor 
strengthening  constituent  in  a  ductile  matrix  metal  or 
alloy. 


In  spite  of  the  apparent  limitations  of  inter¬ 
metallic  compounds  as  engineering  materials,  the  scientific 
demands  of  the  U.  S.  Navy  required  a  re-examination  of  this 
heretofore  unpromising  area.  During  the  course  of  the 
early  research  on  intermetallic  compounds  in  general,  one 
compound  containing  equi-atomic  quantities  of  titanium  and 
nickel-TiNi-showed  unique  properties  which  included  marked 
ductility  at  room  temperature.  It  is  this  compound  and 
nickel-rich  variations  of  this  compound  that  will  be 
discussed  in  some  detail  in  this  paper. 

fh.flse...  EflujJULteiila 

At  the  inception  of  the  present  investigation 
on  the  compound  TiNi  and  associated  TiNi-base  alloys,  it 
was  recognized  that  the  constitution  of  the  titanium- 
nickel  alloy  system  in  the  TiNi  phase  area  was  uncertain. 
Actually,  there  were  two  versions  in  the  literature3 >3 
and  still  another  version  being  readied  for  publication.4 
This  uncertainty  in  the  TiNi  composition  area  assisted  in 
stimulating  the  metallurgists  at  tho  U.  5,  Naval 
Ordnance  Laboratory  to  delve  deeply  into  the  alloy  system'. 
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Employing  X-r<.y  diffraction  (Mo  Ku  i-.uH.jl.lon) , 
metallography,  internal  friction  measurement:. ,  magnetic 
measurements,  and  dilation  stud  too  along  with  many  oth'-r 
physical  and  mechanical  property  studios,  a  much  clearer 
picture  of  the  phase  equilibria  has  boon  established.  In 
addition,  it  became)  obvious  why  the  prior  equilibrium 
diagram  investiga^r^  ho pn  unable  to  correlate  their 
findings. 


Based  upon  the  findings  at  the  Naval  Ordnance 
Laboratory,  a  new  equilibrium  diagram  has  been  proposed 
and  is  shown  in  Figure  2.  The  over-all  diagram,  given 
in  Figure  2  (left),  is  quite  similar  to  the  work  of 
Margolin,  Ence  and  Nielsen2  but  this  earlier  investigation 
overlooked  the  "Martensitic  Transformations"  causing 
marked  structural  changes  near  room  temperature.  These 
martensitic  transformations  occurring  in  the  stoichio¬ 
metric  TiNi  compound  composition  range  (54.5  to  55.5  w/o 
Ni)  not  only  explain  the  confusion  in  the  early  phase 
equilibria  investigations  but  also  provide  a  combination 
of  inherent  properties  in  these  alloys  previously  unreport¬ 
ed  in  any  other  metallic  systems. 

Actually,  in  the  following  discussion,  two 
titanium-nickel  composition  areas  will  be  discussed;  these 
are: 


1.  54.5  to  55.5  w/o  Ni*  -  This  range  blankets 
the  TiNi  compound  stoichiometric  composition  (calculated 
to  be  55.06  w/o  Ni)  and  it  is  in  these  alloys  that  we 
will  see  the  gross  martensitic  transformations  occurring. 

2.  56  to  60  w/o  Ni*  -  This  group  of  alloys  are 
on  the  nickel-rich  side  and  thus  provides  excess  nickel 
which  can  be  used  to  enhance  certain  mechanical  properties, 
particularly  hardness  and  strength. 


*  For  simplicity,  the  TiNi-base  alloys  are  referred  to 
as  "Nitinol."  This  name  is  derived  from  the  chemical 
symbols  for  nickel  and  titanium  and  the  abbreviation  for 
the  U.  S.  Naval  Ordnance  Laboratory,  its  place  of  origin. 
When  the  word  Nitinol  is  preceded  by  a  numerical  value, 
this  number  represents  the  nickel  content  of  the  alioy  in 
per  cent  by  weight.  Example:  55.1-Nitinol,  60-Nitinol,* 
etc. 
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Martensitic  Transformations  and  Related  Properties 

Since  the  stoichiometric  TINi  alloys  (54.5  to  55.5 
Nittnol)  arc*  suscoptiblo  to  martensitic  transformations 
and  these  affect  the  resultant  properties,  a  short  dis¬ 
cussion  is  devoted  to  this  reaction.  Observing  Figure  2 
(right  panel)  it  can  be  seen  that  a  number  of  phases  and 
structures  exist.  These  may  be  defined  as  follows: 

Y  -  TiNi  compound  phase  (disordered),  body 
centered  cubic  structure 

Yx  -  TiNi  compound  phase  (ordered),  body 
centered  cubic  (CsCl)  structure 

TiaNi-  Stoichiometric  TiaNi  compound  composition, 

2  atoms  Ti:  1  atom  Ni,  complex  face 
centered  cubic  structure,  very  brittle 

y£  -  The  Ti-Ni  structure,  but  composed  of  1 
atom  Tit  1  atom  Ni,  ductile  like  Y  or  y1 

TiNi3 -  Stoichiometric  TiNi3  compound  composition, 

1  atom  Ti:  3  atoms  Ni,  close  packed  hexa¬ 
gonal  structure,  quite  brittle 

Ya  -  The  TiNi3  structure,  but  composed  of  1 
atom  Ti:  1  atom  Ni,  ductile  like  y  or  y1 

With  the  symbols  and  phases  of  Figure  2  (right  panel) 
defined  let  us  look  at  an  alloy  falling  in  the  composition 
range  from  54.5  to  55.5  w/o  Ni.  Upon  cooling  below  a 
critical  temperature  (Ms),  close  to  room  temperature,  a 
reversible  structural  change  can  occur  as  shown  in 
Equation  (l)  below: 

Y>  1°-0lln9.  Yi  +  Yi  (1) 
Heating 

The  structures  Yl  and  y*  are  the  martensitic  trans¬ 
formation  products  stemlng  from  the  parent  phase  yl(TiNi) 
upon  cooling.  With  heating  above  a  critical  temperature 
(Mo),  the  parent  Yx(TiNi)  phase  structure  is  reformed. 

In  addition  to  being  temperature  sensitive,  the 
martensitic  transformation  requires  some  strain  energy 
to  effect  the  shearing  process  that  produces  the  minor 
shifting  of  atoms  (something  less  than  an  interatomic 
distance)  and  the  resultant  new  atomic  structure^ sK  In 
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our  inveatlgu tiona  into  those  stoichiometric  alloys  Lt  was 
found  that  tonsilo  stressing  produced  one  typo  of  marten¬ 
sitic  product,  while  comprossivo  stressing  produced  another. 
This  is  shown  in  Equations  (2)  and  (3)  bo low: 

Y1  Tension  yI  (2) 

Y1  Comoresslog  y*  (3) 

However,  regardless  of  whether  the  martensitic  phase 
structures  are  formed  by  temperature  decrease  or  straining 
the  parent  phase  yx  (TiNi)  is  restored  upon  heating 
above  the  Mg  temperature. 

Now  that  the  structures  have  been  defined  and  the 
products  and  stimulants  for  producing  a  martensitic  trans¬ 
formation  have  been  discussed,  let  us  look  at  the  crystal¬ 
lography  of  the  transformation.  Figure  3  shows,  in  the 
upper  panel,  a  typical  y1  (TiNi)  structure  through  the 
(110)  plane  of  the  ordered  body  centered  cubic.'  When  the 
shear  mechanism  is  initiated  there  is  a  minor  movement  of 
the  atoms  in  an  adjacent  area  (shown  by  the  lower  panel 
of  Figure  3)  and  a  new  structure  is  produced  which  we  call 
Y«  and  which  is  based  upon  the  TiNi,  structure  and  is 
close  packed  hexagonal.  The  plane  between  the  two 
structures  is  commonly  called  the  "habit  plane."  It 
appears  conceivable  in  the  diagrams  given  in  Figure  3, 
that  the  y1  *•  Y»  transformation  (or  closer  packing)  can 
be  accomplished  by  comp-essive  force.  Although  the  trans¬ 
formation  from  y1  (TiNi)  -»  y\  (Ti#Ni)  structure  has  been 
experimentally  determined  to  occur  without  difficulty, 
it  has  been  somewhat  more  difficult  to  characterize  the 
crystallographic  rearrangements  that  occur. 

Martensitic  transformations,  with  their  minor 
atomic  shifting  and  low  activation  energy  reauirements  are 
generally  accompanied  by  other  general  characteristics,  a 
partial  list  of  these  are: 

1.  Martensite  crystals  of  plate  shape  form  on 
crystallographic  planes. 

2.  Visible  distortion  of  a  polished  surface  is 
caused  by  the  transformation. 

3.  Transformation  occurs  rapidly  (10"4  seconds 
or  less) . 

4.  No  composition  change  in  tht?  transforming 

regions. 
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Fig.  3  Possible  atomic  rearrangement  during  martensitic 
transformation  when  TiNi  (y')  changes  to  the  TIM is 
structure  (vrf).  Models  represent  a  portion  of  the 
(110}  plane. 
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b,  Low  Li.'iitp" t’.i Uir<;  in.t t l.i'tvi L U.t.  pli.io«’('..)  covert;, 
b.iok  to  parent  ph.iue  upon  he-i  Ling. 

ChaiM(;tt>rii» tlca  l  and  2  above  tan  lx*  aeon  tloar.ly 
in  Figure  4.  This  iu  <i  photomicrograph  taken  on  what  was 
originally  a  polished  piano  surface  of  a  r> toichlomoti ic 
TiNi  alloy,  after  it  had  boon  heated  to  100°C  and  celled 
to  room  temperature  in  a  •'hot  stage"  attachment  on  the 
research  mctallograph.  Crystals  of  "plate  shape"  can  bo 
seen  both  parallel  and  perpendicular  to  the  original 
plane  surface.  This  visible  surface  distortion  upon 
heating  to  100°C  indicates  the  dimensional  changes 
possible  in  an  alloy  undergoing  decomposition  into  the 
martensitic  phases  or  the  reversion  to  the  parent  y1 (TiNi) 
phase  structure.  A  further  demonstration  of  the  surface 
movement  during  the  y1  ~  yj+  reaction  can  be  seen  in 
Figure  5.  Here  Knoop  microhardness  indentations  were  made 
in  the  surface  of  the  polished  specimen.  Upon  heating 
to  100°C  and  cooling  again  to  room  temperature,  the  marked 
reduction  in  the  indentation  size  can  be  seen.  It  has 
been  found  that  following  several  heating  and  cooling 
cycles,  the  indentations  are  almost  completely  eliminated. 

To  illustrate  the  speed  and  dimensional  changes 
associated  with  the  martensitic  transformations,  a 
classical  demonstration  is  possible.  In  this  demonstra¬ 
tion  a  55.4-Nitinol  wire  about  0.020  inch  in  diameter 
annealed  after  cold  drawing  is  coiled  at  room  temperature 
into  a- tight  helix.  At  room  temperature  the  wire  remains 
as  a  tight  helix  indefinitely;  however,  if  the  wire  is 
immersed  in  water  heated  above  about  65°C,  it  reverts 
back  to  its  original  straight  form  in  a  fraction  of  a 
second  after  immersion.  The  reverse  is  also  possible;  a 
wire  coiled  while  heated  above  100°C  when  straightened 
will  recoil  in  a  fraction  of  a  second  after  immersion  in 
water  heated  above  about  65°C. 

This  unique  demonstration  not  only  illustrates 
the  speed  of  the  martensitic  transformation  but  it  also 
further  emphasizes  the  effects  of  strain  energy  in 
promoting  the  transformation.  Earlier  in  this  paper, 
Equations  (2}  and  (3)  showed  that  different  martensitic 
phases  were  possible  depending  upon  the  type  of  loading 
employed.  Tension  forces  promoting  the  y*  -  y|  trans¬ 
formation,  while  compression  favored  the  vl  -*yi  change. 
This  decomposition  of  the  yl  or  TiNi  structure  into  the 
martensitic  phases  and  the  reversion  back  to  the  y1 

Picture  with  heating  is  shown  schematically  in  Figure  6. 
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Fig.  4  Photomicrograph 
of  a  polished  plane  sur¬ 
face  of  a  stoichiometric 
TiNi  alloy  (55.4-Nitinol) 
after  heating  to  100°C  and 
cooling  to  room  tempera¬ 
ture.  500  magnifications 
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ROOM  TEMPERATURE 


ROOM  TEMPERATURE  (AFTER  100*0 


Fig.  5  Stows  drastic  change  in  Kn-*op  microhardness  indentations 
caused  by  martensitic  transformations  after  heating  to  100°C 
Material:  55.4-Nitinol 
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How  can  such  gross  dimensional  eharig'o  occur  -js 
a  result  of  those  martensitic  transformations?  The 
answer  to  this  can  be3t  bo  soon  by  ox  atnlning  Table  I  and 
relating  those  data  with  the  transformation  mechanism 
soon  in  Figure  6,  In  Table  1  it  can  bo  soon  that  when 
tho-ro  a  etruc+jjraL  change  from  yl  (TiML)  there  Is  an 
associated  change  in  the  volume  occupied  by  each  atom  in 
the  new  structures.  The  y1  -*  yi  change  is  accompanied 
by  a  10.63#  increase  in  volume/atom.  Conversely,  the 
Y*  ”  Ys  is  accompanied  by  a  reduction  of  14.61#  in  volume/ 
atom.  By  observing  Figure  6  it  can  be  seen  that  y\  is 
formed  on  the  tension  side  while  y£  is  formed  on  the 
compression  side.  When  heated  above  about  65°C,  the  yi 
and  y!  revert  back  to  y1  and  the  volume  changes  act 
additlvely  to  straighten  the  specimen. 

A  more  quantitative  experiment  showing  the 
effects  upon  the  dimensional  change  of  different  methods 
of  plastic  deformation  can  be  seen  in  Figure  7.  Here 
a  given  composition  rod  (55. 1-Nitinol  was  parted  in  the 
middle  into  two  equal  lengths.  One  half  was  cold  swaged 
to  introduce  predominantly  compressive  stress.  The  other 
half-length  was  cold  drawn  to  introduce 


TABLE  I 

VOLUME  OCCUPIED  PER  ATOM  IN  THE  “ 
THREE  Td-Ni  COMPOUND  STRUCTURES* 


Phase  Structure 

Volume/Unit  Atom 
(A°3/Atom) 

Per  Cent  Change 
in  Volume/Atom 

Yi  (TiaNi) 

15.162 

+  10.63 

Y1  (TiNi) 

13.703 

— 

Y^  (TiNia) 

11.699 

-  14.61 

*  Based  upon  data  given  in  Hansen5 


predominantly  tensile  stresses.  Both  cold-worked  speci¬ 
mens  were  made  Into  dilation  specimens  and  a  controlled 
dilation  study  was  performed  at  temperatures  ranging  up 
to  30Q°C.  As  was  expected,  in  light  of  the  prior  dis¬ 
cussion,  the  specimens  either- expanded  or  contracted 
depending  upon  the  structure  change  produced  during  cold 
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COILED  (N  T.) 


Fig.  6  Schematic  drawings  showing 
the  strain  induced  martensitic  trans¬ 
formations  in  a  stoichiometric  TiNi 
composition  specimen. 


Fig.  7  Dilution  curves  for  55.1  - 
Nitinol  when  cold  deformed  in 
compression  (swaging)  and  in 
tension  (drawing). 
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working  (refer  to  Equations  (?.)  and  (  i))»  l  ho  kn<  •  in 
each  case  doplcting  tho  comply  to  rovers  ion  back  to  the 
Y1  or  TiNl  structure*,  Heating  beyond  the  kne-*  merely 
indicates  the  normal  coefficient  of  expansion  for  the 
Yl  (TiNi)  structure.  Upon  cooling,  the  curves  are 
essentially  retraced  until  arriving  again  Ln  the  knee  aroaj 
here  <-  hysteresis  occurs.  This  hysteresis,  or  failure  to 
retrace  along  the  heating  curve,  is  most  probably  caused 
by  the  normal  temperature  differential  between  Mj)  (on 
heating)  and  M5  (on  cooling)  in  the  martensitic  trans¬ 
formation. 

Another  example  of  the  effect  of  different  types 
of  straining  on  the  mechanical  properties  can  be  seen 
in  Table  II.  Although  it  is  quite  difficult  to  load  a 
specimen  in  pure  tension,  compression,  etc.,  the  effects 
of  predominant  loading  are  shown  in  Table  II.  From  these 
data  it  can  seen  that  the  strain  induced  martensitic 
transformations  occurring  during  loading  have  the  effect 
of  producing  marked  changes  in  the  elastic  modulus. 

Mechanical  Vibration  Damping 

In  addition  to  the  startling  dimensional  changes, 
alloys  near  the  TiNi  composition  exhibit  drastic 
mechanical  vibration  damping  changes  as  a  function  of 
temperature.  Arc-cast  (~5/8  inch  in  diameter  x  4l$  inches 
long),  and  hot  wrought  bars  of  similar  composition  and 
size  were  suspended 


TABLE  II  ELASTIC  MODULUS  AS  A  FUNCTION 
OF  LOADING  FOR  55-NITINOL 


Specimen  Loading 

Testing 

Temperature  (°C) 

Elastic 
Modulus  (psi) 

Tension 

Room  Temperature 

9.3  x  10® 

Bend 

Room  Temperature 

8.3  x  10® 

Compression 

Room  Temperature 

'-4.6  x  10® 
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from  cords  and  struck  with  a  hardenod  stool  striker  at 
room  temporaturo  dnd  again  when  hoatod  to  various  tempera¬ 
ture  levels.  At  room  temporaturo  the  alloy  bars  con¬ 
taining  between  about  54.5  and  55.5  w/o  Ni  damped  the 
mechanical  vibrations  like  lead  or  tin,  yet  when  heated  to 
higher  temperature  levels  the  vibration  attenuation  went 
to  a  very  low  level  and  the  bars  would  ring  clearly.  A 
widened  curve  showing  the  transition  range  from  high 
damping-to-low  damping  for  various  composition  alloys, 
in  the  stoichiometric  UNi  range,  is  shown  in  Figure  8. 
Although  the  data  used  in  plotting  this  curve  were  obtained 
in  a  somewhat  qualitative  manner,  the  results  correlate 
well  with  the  critical  M$  and  Mp  temperatures  in  the 
martensitic  transformation.  Moving  along  on  the  almost 
certain  assumption  that  the  drastic  damping  changes  are 
related  to  the  martensitic  transformations,  a  program 
utilizing  internal  friction  techniques  to  quantitatively 
study  this  behavior  is  currently  underway. 

Explosive  Behavior 

Quite  recently  it  was  discovered  that  under 
certain  unique  conditions  it  was  possible  to  cause  the 
stoichiometric  TiNi  composition  alloys  to  explode.  This 
behavior  is  most  unique  but  is  again  undoubtedly  related 
to  the  martensitic  transformations  associated  with  this 
composition  alloy.  The  only  method  found  to  date  for 
producing  the  explosion  is  to  insert  small  specimens  of 
sheet  material  (approximately  0.040  inch  thick  x  3/8  inch 
wide)  into  a  two-high  cold  rolling  mill  which  has  the 
rolls  forced  tightly  together.  The  strip  specimen  is 
pulled  into  the  turning  mill  rolls  and  explodes  inter¬ 
mittently  as  it  progresses  through  the  rolls.  The  ex¬ 
plosions  that  occur  give  off  light  as  well  as  noise. 

The  experimental  test  set-up  for  performing  this 
investigation  is  shown  schematically  in  Figure  9.  The 
actual  explosion  occurs  at  position  A,  while  the  high 
velocity  fragments  (estimated  to  be  500  to  1000  feet/ 
second)  strike  and  scar  the  plexiglas  shield  at  point  B. 

What  causes  this  material  to  explode  when  dras¬ 
tically  cold  worked  under  the  .conditions  imposed  by  the 
rolling  mill?  A  possible  explanation  for  this  phenomena 
can  be  found  again  in  the  reversible  martensitic  trans¬ 
formations.  A  schematic  drawing  is  shown  in  Figure  10 
that  summarizes  the  reaction.  Observing  this  figure  it 
can  be  seen  that  the  strip  entering  the  mill  rolls  is 
predominantly  yl  or  the  TiNi  phase)  however,  in  most 
cases  minor  quantities  of  the  martensitic  structures  y\ 
and  y*  can  exist.  As  tho  strip  is  rolled  the  pressure 
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Fig.  8  Shows  the  damping-to-non- 
damping  transition  range  as  a  function 
of  temperature  and  composition  for  the 
Nitinol-type  alloys 


Fig.  9  Schematic  drawing 
showing  the  experimental 
arrangement  during  drastic 
cold  working.  A-point  at 
which  strip  enters  mill. 
B- scarred  plexiglas  shield 
caused  by  fragmentation. 
C-Piece  of  spent  specimen 
adhering  to  roll. 


y-  TiN;  Phow 
y\~  TijNi  Strueturt 
T'j-  TiN),  Strudurt' 


Fig.  10  Schematic  drawing  depicting 
the  structural  changes  occurring 
during  drastic  cold  rolling  and  the 
probable  cause  of  the  explosion. 
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promotes  transformation  of  tho  y1  to  y\  and  yl ,  but 
simultaneously  tho  strip  Is  being  honied  locally  by  the 
rolling  action.  As  tho  pressure  is  reduced  (on  the  outlet 
sido  of  the  roils),  tho  higher  temperature  of  the  rolled 
material  domnnds  reversion  of  the  unstable  y[  and  yl  back 
to  yx  .  With  the  release  of  the  pressure  the  trans¬ 
formation  back  to  y1  occurs  explosively.  If  the  strip  is 
heated  to  about  100°C  prior  to  passing  it  through  the 
mill,  no  explosion  will  occur.  What  this  means  is  that 
the  higher  temperature  (above  the  M$  or  M^) prevents  the 
Yl  and  yl  phase  structures  from  forming  and  results  only 
in  the  drastic  cold  reduction  of  the  yl  or  TiNi  phase. 

Physical  Properties  of  Stoichiometric  TIN!  Alloy 

(55.1-Nninoli 

With  the  existance  of  a  martensitic  transforma¬ 
tion  established  in  the  TiNi  composition  alloy,  and  the 
effects  of  such  a  low  temperature  structural  change 
determined,  it  is  interesting  to  look  at  the  physical 
properties  in  general.  Many  of  the  more  important 
properties  are  given  in  Table  III.  From  these  data  it 
can  be  seen  that  the  density  falls  about  midway  between 
that  of  pure  titanium  and  steel.  The  melting  point  is 
about  100°C  below  that  of  low  carbon  steel,  and  its 
magnetic  permeability  is  conservatively  quoted  at  <1.002. 
On  this  latter  point  the  material  has  been  found. -to  be 
completely  non-magnetic  from  almost  absolute  zero  to 
550°C,  with  the  only  possible  indications  of  ferromagne¬ 
tism  coming  from  oxidized  alloy  surfaces  where  either 
nickel  of  the  alloy  combines  with  oxygen  to  form  a  nickel 
oxide  or  the  nickel  oxide  formed  is  subsequently  reduced 
by  titanium  to  leave  free  nickel  and  titanium  oxide 
(e.g.,  2NiO  +  Ti  "♦  TiOa  +  2Ni) .  There  has  been  both 
microscopic  and  X-ray  diffraction  evidence  to  indicate 
the  latter  mechanism  of  oxidation.  As  a  result,  it  is 
mandatory  that  high  temperature  surface  oxidation  pro¬ 
ducts  be  removed  from  all  components  used  in  non-magnetic 
applications. 

The  electrical  resistivity  is  somewhat  -similar 
to  that  of  the  nickel-chromium  alloys  and  it  increases 
almost  linearly  with  temperature  to  a  value  of  about  130 
microhm-cm  at  900®C.  The  linear  coefficient  of  expansion 
and  recrystallization  temperature  is  actually  very 
similar  to  that  experienced  in  steel.  The  thermal  con¬ 
ductivity,  as  might  be  expected  from  the  fairly  high 
electrical  resistivity,  is  somewhat  poorer  than  steel  - 
actually  being  more  like  stainless  steel. 
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TABLE  III 

PHYSICAL  PROPERTIES  OF  STOICHIOMETRIC 
TIN!  ALLOY  (55.1-Nitinol) 


Density 
Melting  Point 
Magnetic  Permeability 
Crystal  Structure 
Electrical  Resistivity 
Linear  Coefficient  of  Expansion 
Recrystallization  Temperature 
Thermal  Conductivity 


6.45  grams/cm3 
1310°C 
<1.002 

Body  centered  cubic 
~80  Microhm-cm 
10.4  x  10~®  per  °C 
550°C  -  650°C 
Like  Stainless  Steel 


Nickel-Rich  TiNi  Alloys 

At  the  outset  of  this  paper  it  was  mentioned  that 
two  groups  of  TiNi-base  alloys  would  be  discussed.  The 
stoichiometric  TiNi  composition  (nominally  55-Nitinol), 
with  its  martensitic  transformations  and  unique  properties, 
have  been  previously  discussed  in  this  paper.  The  other 
area  of  interest  is  the  nickel-rich  TiNi  composition  with 
its  fine  thermal  hardening  capability.  Figure  ~11  presents 
hardness  as  a  function  of  nickel  content  for  furnace-cooled 
(about  30°C  per  hour)  and  water-quenched  specimens. 
Specimen- mass  was  maintained  fairly  small  to  avoid  the 
complicating  factor  of  depth  of  hardening  or  hardenability. 
Observing  these  curves  it  can  be  seen  that  there  is  a 
sudden  divergence  of  the  two  curves  above  about  56  w/o 
nickel.  The  alloys  containing  from  59  to  62  w/o  nickel 
show  a  plateau  of  hardness,  in  the  quenched  condition, 
of  about  62  Rockwell-C,  while  the  furnace-cooled  alloys 
of  similar  composition  tend  to  maintain  a  constant  hard¬ 
ness  near  35  Rockwell-C.  What  causes  this  marked  change 
in  hardness  with  thermal  treatment?  Going  back  to  tne 
Ti-Ni  equilibrium  diagram  (Figure  2)  it  can  be  seen  that 
there  is  a  sloping  boundary  line  between  the'Ti-Ni  (or  y) 
single-phase  area  and  the  TiNi  +  TiNi3  two-phase  area 
lying  to  the  right  of  the  TiNi  area.  This  sloping  line 
indicates  a  retrograde  solid  solubility,  or  that  excess 
quantities  of  nickel  can  be  taken  into  .solid  solution  in 
the  TiNi  single  phase  at  higher  temperatures.  What 
happens  when  the  alloy  is  cooled  back  to  room  temperature? 
If  cooled  slowly,  the  excess  nickel  precipitates  in 
large  globules  as  the  second  phase  TiNi3  (the  stoichio¬ 
metric  compo^Ad  containing  3  atoms  of  Nil  l  atom  ol  Ti). 
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These  largo  aglomerates  of  TiNl3  are  Ineffective  in 
modifying  the  properties}  as  a  result  tho  hardness  remains 
constant  at  a  level  that  is  characteristic  of  tho  TiNi 
phase  matrix  (see  Figure  11),  On  the  other  hand,  if  tho 
excess  nickel  is  taken  into  solid  solution  by  tho  TiNi 
phase  at  high  temperatures  (900*C  to  1000#C)  followed  by 
a  rapid  cool  or  quench  to  room  temperature,  then  the 
excess  nickel  probably  forms  a  fine  dispersion  of  the 
stoichiometric  TiNi3  phase  that  distorts  the  TiNi  lattice 
and  hardens  the  bulk  of  the  alloy.  With  the  wide  hardness 
difference  between  the  quenched  and  furnace  cooled  curves, 
tempering  (or  aging)  to  intermediate  hardness  levels  has 
been  performed  successfully. 

What  is  the  significance  of  a  high  hardness 
through  thermal  treatment?  The  major  advantage  of  a 
60-Nitinol  alloy,  in  addition  to  the  increased  strength 
associated  with  the  higher  hardness,  lies  in  the  fact 
that  for  the  first  time  a  material  is  available  with  the 
combination  of  high  hardness  and  the  qualities  of  being 
stably  non-magnetic  and  resistant  to  corrosion  and 
abrasion. 

Mechanical  Properties 

An  over-all  average  of  some  of  the  more  import¬ 
ant  mechanical  properties  of  both  groups  of  alloys 
(nominally  55-Nitinol  and  the  56  to  60-Nitinol  composi¬ 
tions)  is  given  in  Tables  IV,  V  and  VI.  These  tables 
are  not  included  to  present  the  entire  mechanical  property 
pictures,  but  rather  to  show  the  general  trend  in  proper¬ 
ties  as  related  to  composition  and  treatment. 

Observing  Table  IV  it  can  be  seen  that  the 
ultimate  tensile  strength  varies  from  about  125,000  to 
180,000  depending  upon  the  nickel  content  of  the  alloy 
and  its  treatment  history.  Yield  strength  data  is  not 
included  in  Table  IV  but  it  can  be  said  that  the  yield 
strength  of  the  55-Nitinol  will  vary  from  30,000  to 
85,000  depending  'Upon  treatment,  cold  deformation  and 
impurity  content.  The  yield  strength  of  the  hardened  Ni- 
rich  60-Nitinol  will  run  close  to  the  level  of  the^ulti- 
mate  strength.  The  tensile  elongation,  which  indicates 
ductility,  has  been  consistently  in  excess  of  20#  for 
commercially  produced  55-Nitinol.  The  arc-cast  tensile 
properties,  of  these  same  alloy  compositions,  run 
generally  about  65#  of  the  strengths  shown  for  the  hot 
wrought  materials. 
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.  11  Hardness  curves  for  various  composition  Ti-Ni 
alloys  (with  about  0.1  v/o  Fe  impurity)  in  the 
furnace  cooled  and  quenched  conditions.  Inoet 
shows  change  in  curves  when  Fe  impurity  is 
eliminated. 
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In  Table  V  data  are  given  on  annealed  and  cold 
drawn  wire  of  tho  55-Nitinol  composition.  As  would  bu 
expected,  the  fiborod  texture  introduced  through  cold 
working  has  the  effect  of  increasing  tho  ultimate  tensile 
strongth.  Additional  cold  working  markedly  increases  the 
strength  and  simultaneously  lowers  tho  tensile  elongation 
(ductility). 

Table  VI  gives  very  preliminary  data  on  fatigue 
measured  on  an  R.  R.  Moore  rotating  beam  test.  The 
resultant  "runout"  at  25.  x  10e  cycles  at  70,000  psi  load 
is  unusual  in  the  fact  that  the  load  employed  represents 
a  high  fraction  of  the  expected  yield  strength  of  the 
56-Nitinol  composition  bordering  on  the  alloys  exhibiting 
martensitic  transformations  that  this  good  fatigue  life 
is  in  part  due  to  the  martensitic  structural  change 
(Yx  Z  *»)  with  each  reversal  of  load.  If  the  martensitic 
transformations  go  at  the  rate  of  10"4  seconds  in  this 
alloy  system,  then  a  rotational  speed  of  5000  revolutions 
per  minute  during  fatigue  testing  allow  the  2  Ya 
reaction  to  keep  up  without  difficulty. 

Table  VII  shows  three  things  very  clearly  about 
the  TiNi-base  alloys.  First,  it  indicates  that  the  TiNi 
compound  and  alloys  based  upon  this  compound  are  defi¬ 
nitely  ductile  in  an  unnotched  condition.  Energy 
absorption  to  cause  breaking  from  38  (60  Rq  hardened 
specimen)  to  160  proves  beyond  question  the  ductility. 
Secondly,  55-  and  56-Nitinol  compositions  show  little  or 
no  indication  of  becoming  brittle  when  the  temperature 
is  decreased  to  -112°F.  This  good  low  temperature 
impact  resistance  probably  is  associated  again  with  the 
structure  change  that  occurs  with  decrease  in  temperature 
(v1  lower  ^  Yi  +  Y|)«  Thirdly,  these  alloys  appear 
temperature 

to  be  notch-sensitive,  this  factor  being  a  design  con¬ 
sideration  if  improvement  cannot  be  made  through  alloying 
and  treatment. 

Environmental  Properties 

The  stoichiometric  TiNi  composition  alloys 
(55-Nitinol)  have  been  subjected  to  very  preliminary  tests 
to  determine  their  corrosion  and  oxidation  resistance. 

A  summary  of  these  results  are  given  in  Table  VIII  and 
Figure  12.  From  the  limited  data  given  in  Table  VIII  it 
can  be  seen  that  the  corrosion  resistance  is  excellent 
under  normal  handling  and  in  marine  environment.  However, 
like  the  commercially  available  titanium-base  alloys,  the 
55-Nitinol  is  unsuitable  in  strong  acids  and  bases  at 
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elovatod  temperatures.  Oxidation  resistance  is  9hown 
graphically  for  a  55-Nitinol  alloy  in  Figure  12,  and  it  is 
immediately  apparent  that  above  about  600#C  (1110*F) 
oxidation  occurs  at  an  accelerated  rate.  At  the  800*C 
and  1000dC  temperature,  the  natural  protective  coating 
tends  to  spall  away  readily. 


Recognizing  the  two  distinct  groups  of  TiNi alloys 
and  the  properties  associated  with  each  type,  Table  IX 
was  prepared.  This  table  should  not  be  considered  to 
cover  all  of  the  potential  applications  in  the  U.  S.  Navy, 
but  rather  examples  of  the  diversity  possible  through 
minor  variations  of  composition  and  treatment.  The  proper¬ 
ties  cf  being  non-magnetic,  having  lower  density  and  being 
corrosion  resistant  are  inherent  over  the  entire  alloy 
composition  range  being  cons idered.  Beyond  these  three 
universal  properties  are 'three  additionally  listed 
properties  that  are  composition  dependent,  and  it  is  on 
the  basis  of  these  latter  three  properties  that  Table  IX 
may  be  divided  into  two  distinct  parts. 

All  of  the  applications  attributed  to  the  com¬ 
position  range  from  54.5  to  55.5  w/o  nickel  are  depen¬ 
dent  upon  the  martensitic  transformations,  where  these 
structural  changes  promote  unusual  vibration  damping, 
fatigue  life  or  absorb  energy  as  in  the  case  of  armor. 

The  lower  group  of  applications  in  Table  IX  are 
mainly  dependent  upon  the  excess  nickel  (56  to  62  w/o) 
over  TiNi  stoichiometry  and  its  effect  in  promoting  high 
hardness  and  strength  when  required.  More  is  probably 
known  about  this  group  of  applications  since  the  U  S. 
Naval  Ordnance  Laboratory  currently  has  a  Bureau  of  Naval 
Weapons  contract  for  the  development  of  non-magnetic  hand 
tools  from  these  materials.  The  56  to  62-Nitinol  alloys, 
since  they  should  be  ideal  as  tool  materials,  provide 
for  the  first  time  a  suitable  non-magnetic  material  that 
is  capable  of  being  hardened  to  tool  steel  hardness  by  a 
simple  thermal  treatment.  Preliminary  hot  forging 
studies  further  indicate  the  desirability  of^these 
materials  for  tools. 

Concurrent  with  this  effort,  a  leading  bearing 
manufacturer  is  studying  (on  a  proprietary  basis)  the 
feasibility  of  using  60-Nitinol  in  non-magnetic  bearings. 
Interim  progress  reports  on  the  bearing  investigations 
indicate  almost  unqualified  success  in  this  application. 
Further,  the  authors’  concern  over  suitable  dimensional 
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Curves  shoving  oxidation  rates  for  55.1>Nltlnol 
at  different  temperatures.  Initial  weight  of 
specimens,  approximately  6.5  grams. 
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stability  for  bearing  application  was  vary  recently  dJ ~  ’ 

?  oiled  by  the  following  quoted  written  statement*1 :  w .  .  . 
he  dimensional  stability  of  this  material  (60-Nitinol) 
is  excellent.  We  determined  dimensional  stability  as 
chango  in  boundary  dimensions  with  time.  The  dimensional 
stability  of  parts  v;hich.  hava.  been  subjected  to  mechanical 
testing  appears  to  be  as  good  as  that  of  parts  merely 
put  on  the  shelf  for  storage.  . 

Tests  performed  on  actual  finished  ordnance 
parts  have  been  gratifying.  One  such  test  was  performed 
on  spear  penetrators  for  underwater  ordnance  made  as  shown 
in  Figure  13.  These  penetrators  measured  about  four 
inches  in  length  and  had  two  different  penetrating  tip 
configurations.  These  penetrators  were  explosively  driven 
through  steel  plate  up  to  3/8  inch  in  thicxness,  and  to 
illustrate  the  ruggedness  and  utility  of  this  material 
the  penetrators  were  found  to  be  reusable  up  to  as  many 
as  five  times.  Other  non-magnetic  alloys  used  (mostly 
hardened  copper-base  alloys)  were  Incapable  of  success¬ 
fully  penetrating  the  same  steel  bulkhead  even  one  time 
without  failing  structurally. 

Summary 

In  summary,  the  investigation  and  development 
of  the  TiNi-base  compound  materials  represent  an  important 
step  forward  in  metallic  materials  technology.  They 
provide t 

1.  A  useful  engineering  material  based  upon  an 
intermetallic  compound. 

2.  A  class  of  alloys  with  a  very  wide  and  un¬ 
usual  spectrum  of  properties  which  have  a  capability  for 
solving  many  Navy  material  needs. 

3.  A  material  which  is  amenable  to  commercial- 
production. 


Fig.  13  Two  configurations  of  spear  penetrators  for 
underwater  ordnance  recovery.  Penetrators  were 
made  of  55.3-Nitinol  alloy  containing  about  0.1  w/o 
Fe.  Actual  length  of  penetrators -about  4  inches. 
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HUMAN  QUALITY  CONTROL 

by 


James  R.  Berkshire 
Aviation  Psychology  Branch 
U.S.  Naval  School  of  Aviation  Medicine 


UfERQDUCTION 

Institutions  that  modify  the  behavior  of  people  resemble 
those  that  modify  materials;  and  the  flow  characteristics  of  a 
training  program,  such  as  aviation  training,  are  enough  like  those 
of  an  industrial  production  process  to  permit  several  useful 
analogies. 


In  a  typical  manufacturing  operation,  raw  materials  are 
selected  In  accordance  with  some  minimum  standards  of  quality  and 
jut  through  a  aeries  of  processings  which  change  thea-progressively, 
in  specified  ways,  until  a  desired  end  product  is  reached.  Usually, 
at  several  levels  of  the  sequence,  the  product  is  measured  to  deter¬ 
mine  vhether  It  Is  vithin  the  tolerances  necessary  for  later  stages 
of  the  manufacturing  process,  or  for  its  market.  These  measurements 
may  be  made  by  gauging,  by  chemical  or  metallurgical  checks,  or  by 
visual  or  electronic  Inspections.  These  checks  or  Inspections  may 
cover  all  the  units  or  they  may  be  made  by  sampling;  they  may  be  used 
to  monitor  the  processing,  or  the  Intent  may  Instead  be  that  of 
eliminating  early  In  the  total  process  units  which  have  a  high 
probability  of  being  scrapped  later,  or  of  being  unsatisfactory 
to  the  consumer.  What  happens  In  training  programs,  whether  these 
be  civilian  (teachers,  physicians,  scientists,  engineers)  or  military 
(aviators,  subsarlners,  technicians)  can  be  described  in  very 
similar  language.  Candidates  fjr  the  training  must  ba- screened  to 
prevent  those  with  high  probabilities  of  failure  from  .entering 
training;  minimum  training  standards  which  will  result  in  the  early 
elimination  of  potential  training  and  job  failures  must  be  imposed 
at  various  levels  of  the  training  process. 
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The  first  stop  in  tha  accomplishment  of  theao  things  la  the 
administration  of  a  goneral  intolligonao  toot  to  all  mon  who  apply 
for  naval  aviation  training.  Those  mon  havo  at  least  two  years  of 
college  training,  nevertheless,  about  twelve  por  cent  are  rojoctod 
for  having  an  lntolllgcnce  level  that  would  be  unbecoming  in  an 
officer.  The  remainder  are  given  a  short  battery  -  about  two  houro  - 
of  flight  aptltuda  testa.  About  a 5  to  30  par  cent  fail  theso  testa. 
The  remainder  of  these  take  the  flight  physical  examination— and  a 
further  35  to  40  per  cent  fail  it.  Altogether,  of  every  ten  appli¬ 
cants,  around  four  pass  all  the  hurdles  and  qualify  for  flight 
training. 

All  of  this,  so  far,  is  pretty  old  hat.  Actually  there 
have  been  no  real  improvements  in  selection  for  aviation  training 
since  World  War  IL  The  real  progress  that  has  been  made  possible 
by  the  computer  starts  when  the  men  who  have  been  selected  for 
training  arrive  at  Pensacola. 

Modern  aviation  training  is  expensive— a  man  who  has  been 
selected  for  training  and  who  leaves  the  training  program  after  he 
has  completed  basic  flight  training  may  well  represent  a  lost  in¬ 
vestment  of  more  than  a  hundred  thousand  dollars.  While  the  earliest 
portion  of  training  (pre-flight  ground  school)  costs  only  about  $100 
per  week,  once  the  man  starts  flying  the  costs  mount  rapidly,  ranging 
from  about  $500  per  week  in  a  light  primary  trainer  to  about  $5500 
per  week  in  operational  types  of  jet  aircraft.  Since,  under  current 
selection  standards,  about  one- third  of  the  men  who  start  training 
do  not  finish,  the  total  amount  of  money  spent  on  men  who  fail  to 
complete  is  quite  large.  Consequently,  procedures  which  aid  in  the 
early  identification  of  men  with  high  failure  potentials  can  save 
millions  of  dollars.  - 

In  aviation  training,  as  in  any  training  or  educational 
program,  whenever  a  student  is  having  difficulties  a  decision  must 
be  made  on  whether  to  drop  him  or  restore  him  to  the  program  for 
another  chance.  Normally,  this  decision  will  be  made  by  taking  into 
consideration  available  information  on  the  pa?t  performance  of  the 
individual— his  grades,  his  aptitude  test  scores,  his  interests, 
measured  or  expressed,  his  Judged  motivation,  etc.  In  aviation 
training  such  measures  accumulate  rapidly;  Table  1  shows  the  items 
of  quantitative  information  that  become  available  on  non-officer 
students  during  their  early  training.  The  administrator  who  must 
make  decisions  about  marginal  students  is  soon  embarrassed' by  ~the 
availability  of  more  performance  data  than  he  knows  what  to  .do  with. 
In  the  past  administrators  have  most  frequently  handled  the  problem 
by  ignoring  most  of  the  available  information  and  relating  their 
Judgments  to  scores  on  two  or  three  measures  in  which  they  had 
confidence.  Quite  often  this  confidence  was  misplaced. 
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Table  1 

Scores  and  Grades  Available  oa  Non-Officer  Aviation  Students 


1.  Before  selection 

2.  m  « 


5-  " 

6.  " 

7  Second  Week 
8.  Third  Week 


9.  **  •' 

10.  "  " 

11.  "  " 

12.  " 


13.  Sixth  Week 

14.  Ninth  Week 

15.  "  * 

16.  "  " 

17.  " 

18.  Eleventh  Week 

19.  "  " 

20.  Thirteenth  Week 

21.  "  " 

22.  .  "  " 


25*  Fourteenth  Week 
26.  Fifteenth  Week 


29.  H 

30.  After  Fre-Solo  Stage 

31.  After  Precision  Stage 

32.  After  Transition  Stage 

33>  After  T/26  Precision  Stage 
34.  After  Acrobatics  Stage 


Aviation  Qualification  Taut 
Mechanical  Comprehension  Test 
Spatial  Apperception  Test 
Biographical  Inventory 
Age 

Years  Education 
Incoming  Mathematics  Test 
Incasing  Jump  Reach 
Incoming  Sit-ups 
Incoming  Speed  Agility 
Incoming  Chins 
Incoming  Step  Test 
Mathematics  Final  Grade 
Peer  Rating 
Physics  Final  Grade 
Trampoline 
Gymnastics 

Navigation  Final  Grade 
Study  Skills  Final  Grade 
Outgoing  JUmp  Reach 
Outgoing  Sit-ups 
Oitgoing  Speed  Agility 
Outgoing  Chins 
Outgoing  Step  Test 
Engineering  Final  Grade 
Aerodynamics  Final  Grade 
Physiology  Final  Grade 
Nhval  Orientation  Final  Grade 
Leadership  Final  Grade 
Pre-Solo  Flight  Grade 
Precision  Flight  Grade 
Transition  Flight  Grade 
T/28  Precision  Flight  Grade 
Acrobatics  Flight  Grade 
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It  saeras  reasonable  to  boliovo  that  if  all  of  a  otudcnt'o 
valid  past  performance  measures  could  bo  appropriately  weighted  end 
combined  into  a  single  otutement  ol'  the  probability  of  hio  success  or 
failure,  tho  decisions  of  administrators  concerning  students  might 
become  more  accurato.  Administrator  knowledge  of  ouch  probabilities 
should  lead  to  the  earlier  dropping  of  men  with  high  probabilities  of 
later  failure  and  the  retention  of  men  who  have-  good  chances  to  com¬ 
plete  tho  program.  This,  in  turn,  should  result  in  marked  improve¬ 
ments  in  the  efficient  utilisation  of  training  facilities. 

PROCEDURE 

The  punched  selection  and  training  records  of  all  men  who 
entered  naval  aviation  training  during  1959  were  used  as  basic  data. 
Using  a  program  for  computing  Pearson  correlation  coefficients  the 
matrix  of  the  lntcrcorrelations  of  the  selection  variables  was 
computed.  Then,  as  each  new  score,  or  grade,  or  rating  become  avail¬ 
able  on  the  men  as  they  moved  through  training  a  new  matrix  contain¬ 
ing  all  available  variables  was  computed  on  the  survivors.  Thus  we 
computed  a  series  of  fourteen  matrices  beginning  with  six  variables 
and  ending  with  thirty- four.  Table  1  lists  these  variables.  Using 
a  separate  program,  bi— serial  correlations  based  on  a  coupleted- 
falled  dichotomy  were  computed  for  each  variable  in  each  matrix. 
Following  this,  a  program  embodying  a  modification  of  the  Wherry- 
Doolittle  multiple  correlation  procedure  was  applied  to  each 
successive  group  of  correlation  coefficients.  This  is  a  procedure 
that  identifies,  in  their  proper  order,  those  variables  which  combine 
to  give  the  highest  multiple  correlation  with  a  criterion-- in  this 
case,  completion  vs.  failure.  The  procedure  Includes  a  correction 
for  the  additional  error  resulting  from  each  added  variable.  It 
stops  adding  variables  to  the  prediction  formula  when  the  new 
variable  subtracts  more  error  than  it  adds  validity.  Following  the 
identification  of  the  variables  in  each  multiple  correlation,  the 
next  portion  of  the  program  computed  the  weights  to  be  applied  to 
the  score  on  each  variable  to  maximize  the  accuracy  of  prediction. 
Table  2  shows  the  variables,  the  numbers  of  passing  and  falling 
cases  and  the  multiple  correlation  coefficients  obtained  at  each 
level  of  training. 

For  the  operational  use  of  these  multiple  correlation 
formulae  certain  simplifications  were  made.  First,  wherever  two 
or  three  successive  formulae  were  identical  in  variables, and. similar 
in  weights,  only  one  was  used.  Second,  whenever  the  last  several 
variables  in  a  multiple  added  only  a  few  thousandths  to "the  magni¬ 
tude  of  the  validity  coefficient  these  were  dropped  from  the  formula. 
The  variables  in  these  simplified  formulae,  the  periods  of  training 
to  which  they  apply  and  their  respective  multiple  correlation 
coefficients  are  shown  In  Table  3. 
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Tab  la  2 


Variables  and  Multiple  Validltlea  at  Succeeelve  Stage*  of  Hon- 
Offlcar  Aviation  Training 


Matrix 

m 

1 

I 

.  N 

in  Miltlnlfi  QomolnteS 

yailei 

_ R _ 

1 

1-6 

1,2,3, 4, 6 

670 

243 

•  37 

2 

1  -  7 

1,2, 3, 4, 6 

549 

185 

.38 

3 

1-12 

1,2,3,4,6,8,9,10 

549 

185 

.42 

4 

1-13 

1,2,3,4,6,7,8,9,10,13 

549 

184 

.46 

5 

1-17 

1,2,3,4,6,7,8,11,13,14,16 

513 

155 

.50 

6  . 

1  -  19 

2, 3,4, 6,7, 8, 1'.  ,13,14,16 

513 

153 

.54 

7 

1-24 

no  change 

513 

153 

•  54 

8 

1-25 

3,4,6,8,14,15,16,18,25 

513 

153 

.56 

9 

1-29 

no  change 

513 

153 

.56 

ID 

1-30 

3,6,9,10,11,13,14,15,16, 

18,25,29,30 

502 

116 

.66 

11 

1-31 

2,3,6,8,13,14,15,16,18, 

25,30,31 

502 

83 

.57 

12 

1-32 

3,6,8,13,14,16,18,25,30, 

32 

464 

64 

.59 

13 

1  -  33 

3,6,8,14,16,18,25,30,32, 

33 

464 

55 

.55 

14 

1  -  34 

3,8,14,16,18,25,30,31,32, 

34 

441 

44 

.58 
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Table  3 


Simplified  Multiple  Regreesloa  Formulae  -  Non-Officer  Studente 


Stage 

Variables  in  Multipr a 

R 

1st  and  2nd  weeks 

1/2, 3,4, 6 

.38 

3rd,  4th  and  5th  weeks 

1/2, 3, 4, 6, 8 

.42 

6th,  7th  and  8th  weeks 

1/2,3,4,6,8,13 

.45 

9th  and  10th  weeks 

1,2,3,4,6,8,13,14,16 

.49 

11th,  12th  and  13th  weeks 

2,3,4,6,8,14,16,18 

.54 

14th,  15th,  l6th  weeks  and 
Pre-solo  prior  to  hop  #9 

3,4,6,8,14,15,16,18,25 

•  5 6 

Pre-solo,  hop  $9  and  after, 
and  T-34  Precision 

3,6,13,14,16,18,25,30 

.65 

Transition 

6,8,14,16,18,30,31 

•  55 

T/28  Precision 

3,14,16,18,30,32 

•  56 

Acrobatics 

3,6,8,14,16,18,30,32,33 

•  54 

After  Acrobatics 

3,8,14,16,18,30,32,33,34 

-  .57 

probability  entiraatao  that  could  bo  used  to  increase  the  accuracy 
of  decioiona  about  Individual  students  the  following  atepa  were 
taken: 


1.  For  each  student  who  had  entered  training  during  1959 
a  regression  score  waa  computed  for  each  of  the  eleven  stages  of 
training  shown  in  Table  3*  Thus,  at  the  firat  stage  (1st  and  2nd 
weeks),  1078  regression  scores  were  computed  by  multiplying  each 
student's  scores  by  the  appropriate  weights  and  summing  the  products. 
Ibis  was  repeated  for  each  later  stage  for  those  students  still  in 
the  program. 

2.  At  each  stage  the  ‘frequency  distribution  of  the 
regression  scores  of  men  who  subsequently  graduated  from  training 
was  compared  with  the  frequency  distribution  of  the  scores  of  those 
men  who  subsequently  failed  to  complete  training.  By  dividing 
these  distributions  into  five  or  six  segments,  and  by  determining 
the  relative  numbers  of  completing  and  non- completing  students 
within  each  segment  it  was  possible  to  establish  empirical  probabi¬ 
lities  of  success  for  each  regression  score. 

3.  The  results  were  put  into  tables  of  variables,  beta 
weights,  regression  scores  and  probabilities  of  success  for  use  at 
each  level  of  training  (see  Figures  1  and  2). 

The  instructions  that  have  been  issued  to  naval  aviation 
training  personnel  concerning  the  use  of  these  materials  are  as 
follows: 

"Ibis  instruction  sets  forth  a  procedure  by  means  of  which 
the  computer— determined  probability  of  success  of  any  student  at 
any  point  in  training  can  be  ascertained. 

Step  1  -  When  a  student  is  in  trouble  and  a  decision  must 
be  made  as  to  wEcther  he  should  be  dropped  or  given  further  training 
time,  call  Mrin3ide  5137  and  ask  for  'Student  Prediction.'  Give  the 
student's  name,  pre- flight  class,  and  his  point  in  training.  Give 
your  telephone  number  and  name. 

8tap  2  -  Within  approximately  15  minutes  they  will  call 
you  back  and  give  you  the  computed  probability  that  this  student 
will  succeed  (or  fail)  if  you  restore  him  to  training.  This  report 
will  be  something  like  'Based  on  his  marks  so  far,  four  out  of  f  -e 
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Variables 

Mean 

S.D. 

Weight 

Spatial  Appreoeptlon 

20.60 

5.48 

.27 

Biographical  Inventory 

33.20 

8.20 

.10 

Education 

6,74 

1.22 

.41 

Peer  Rating 

50.30 

10.86 

.20 

Navigation 

48.92 

6.80 

•  34 

Trampoline 

30.15 

5.98 

.17 

Jump  Reach  (1) 

11.03 

2.77 

.20 

Engineering 

49.97 

8.25 

.24 

Physics 

48.13 

9.63 

-.10 

Regression  -  Probability  Table 

Score 

Per  Cent 

Will  Complete 

Won't  Complete 

60.0  or  more 

9 

7 

1“ 

53-0  -  59-9 

43 

3 

1 

49.0  -  52-9 

28 

1  1/2 

1 

45.0  -  48.9 

14 

1 

1  1/4 

44.9  or  less 

N  e  987 

6 

R  ■  .56 

1 

4  1/2 

No  completions  below  40.9  -  ten  failures 

ng.lt  Tables  for  Determining  Probability  of  Graduation  -  Ron- 
Cfficers  14th,  15th  and  l6th  Weeks 


i 
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Variables 

Mean 

S.D. 

Weight 

Spatial  Appreceptlon 

20.73 

5.45 

.21 

Education 

6.73 

1.22 

1.20 

Math  Pinal 

48.33 

9.66 

.22 

Peer  Rating 

50.50 

10.37 

.16 

navigation 

49-05 

6.68 

.17 

Engineering 

50.41 

8,07 

.15 

Trampoline 

30.31 

5.98 

.15 

Pre-Solo 

294.71 

11.67 

.44 

Regression  -  Probability  Table 


Score 

Per  Cent 

Will  Complete 

Won't  Complete 

194.0  or  more 

8 

11 

1 

186.0  -  193.9 

29 

6 

1 

179.0  -  185.9 

36 

3 

1 

174.0  -  178.9 

19 

1 

1 

170.0  -  173.9 

5 

1 

2 

169.9  or  less 

3 

1 

24 

H 

■  867  R  »  .65 

No  successess 

below  I69.O  -  eighteen  failures 

V 

Fig.  2.  Tables  for  Determining  Probability  of  Graduation  -  Non- 
Officers  Pre-Solo,  Bop  #9  or  after,  and  Precision 
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0to%  2  ”  The oo  reported  probabilities  arc  based  upon  all 
the  significant  grades  and  ratings,  weighted  in  accordance  with"“EEeir 
relativo  importance  to  later  success.  When  you  uso  this  probability 
in  making  a  decision  about  the  man  do  not  give  additional  considera¬ 
tion  to  any  individual  scores,  grades,  or  ratings.  They  are  either 
already  in  the  probability  figure  or  they  aro  not  valid  predictors  of 
training  success.  On  the  other  hand,  it  is  not  intended  that  these 
probabilities  be  the  sole  basis  for  decision.  Administrative  officers 
and  boards  are  still  expected  to  consider  each  case  on  its  unique 
merits,  recognizing  that  all  of  the  important  aspects  of  a  case  or  of 
a  man  may  not  be  reflected  in  this  probability  statement." 

For  the  past  two  years  the  average  length  of  time  that 
students  who  failed  to  graduate  remained  in  the  training  program  was 
around  thirty-six  weeks.  It  is  expected  that  the  procedure  that  I 
have  described  will  reduce  this  average  time  by  the  earlier  Identifi¬ 
cation  of  men  with  high  probabilities  of  later  failure.  Given  our 
present  training  load  and  percentage  of  non-graduates,  each  week  that 
ve  can  reduce  this  average  of  thirty- six  weeks  will  result  in  a 
savings  in  training  costs  of  around  two  million  dollars. 
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PILOT  PERFORMANCE  DURING  CENTRIFUGE 
SIMULATIONS  OF  ACCELERATION  ENVIRONMENTS 


Randall  M.  Chambers  and  W.S.  Wray,  CAPT,  MC,  USN 
Aviation  Medical  Acceleration  Laboratory 
U.S.  Naval  Air  Development  Center 
Johnsvllle,  Pennsylvania 


To  date,  a  major  research  effort  has  been  directed  toward 
the  definition  and  solution  of  physiological  problems  associated  with 
various  acceleration  environments.  Many  of  these  investigations 
have  been  excellently  reviewed  by  Gauer  and  Zuidema  (1),  Price  (2), 
and  Wood  (3).  A  lesser  amount  of  research  has  been  directed  to¬ 
ward  human  performance  problems  encountered  in  acceleration 
environments,  although  papers  by  Brown  (4,  5),  Chambers  (6,  7,  8), 
Chambers  and  Doerfel  (9),  Chambers,  et  al  (10),  Chambers  and 
Nelson  (11),  and  Chambers  and  Hitchcock  (12)  have  reviewed  some 
of  these  problems.  The  majority  of  these  problems  pertain  to  the 
capabilities  of  pilots  for  maintaining  control  of  their  vehicLes  during 
normal  launch  and  reentry  missions,  and  during  certain  types  of 
emergency  escape  conditions.  The  present  paper  reports  the  re¬ 
sults  of  some  centrifuge  simulation  studies  of  manned  space  flights 
and  proposed  spacecraft.  The  studies  were  conducted  on  the  Avia¬ 
tion  Medical  Acceleration  Laboratory  (AMAL)  Huma  i  Centrifuge  in 
support  of  USN,  NASA  and  USAF  space  projects,  ani  acknowledg¬ 
ment  is  made  to  the  contributions  of  the  many  participating  pilots, 
scientists,  and  engineers. 

ACCELEPATION  ENVIRONMENTS 

.  —  _ 

Most  acceleration  environments  may  be  described  in 
terms  of  magnitude,  direction, rate  of  onset  and  decline,  pattern 
complexity  (composition  of  various  linear  and  angular  components), 
and  duration.  The  severity  of  any  particular  acceleration  environ¬ 
ment  is  dependent  upon  many  physical,  physiological,  and  psycho¬ 
logical  variables,  among  the  most  important  of  which  are  die 
physical  characteristics  of  the  accelerations  themselves.  - 
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Since  a  consistent  nomenclature  ha*  not  boon  adopted  for 
urtlveraal  u*e  by  engineering,  biological  and  bohavioral  acionca 
group*  (Clark,  et  al,  13),  it  i*  Important  to  doacrlba  briefly  the 
nomenclature  ayatom  uaod  in  thia  paper,  Thi*  ayatom  la  ahown  in 
Figure  l.  It  ia  baaed  on  the  dlaplacomont  of  body  fluid*  and  the 
heart  with  reapect  to  the  akoleton  when  the  pilot  la  poaltloned  ap¬ 
proximately  aa  ahown  with  reapect  to  hi*  X,  Y,  and  Z  axea*  G  la 
uaed  in  thia  nomenclature  aa  a  unit  of  reactive  force  (Gauer  and 
Zuidema,  1),  and  consequently  thia  terminology  emphasize*  body 
reaction*  to  the  acceleration*  rather  than  the  acceleration*  them- 
aelvea.  The  poaitive  and  negative  aigna  along  each  of  the  three  axea 
are  direction*  of  reactive  diaplacementa  within  the  human  body  — * 
+GX  mean*  that  the  heart  ia  displaced  from  the  cheat  toward  the  back 
with  respect  to  the  skeleton,  and  -Gx  means  that  the  heart  ia  dia¬ 
placed  toward  the  cheat,  sometimes  referred  to  as  "eyeballs  in"  and 
"eyeballs  out"  accelerations,  respectively.  The  positive  physio¬ 
logical  Y  axis  ia  right  to  left,  and  conaequently,  +Gy  means  that  the 
heart  moves  toward  the  left  with  respect  to  the  skeleton.  If  the 
heart  moves  to  the  right  with  respect  to  the  skeleton,  this  is  called 
-Gy.  These  two  types  of  accelerations  are  sometimes  called  "eye¬ 
balls  left'hnd  "eyeballs  right",  respectively.  The  Z  axis  extends 
along  the  spinal  column  —  +GZ  means  that  the  heart  is  displaced 
caudally  along  the  spine,  and  -Gz  means  that  the  heart  is  displaced 
toward  the  head.  These  accelerations  are  sometimes  called  "eye¬ 
balls  down"  and  "eyeballs  up". 

Similarly,  the  angular  acceleration  moving  around  the  X- 
axia,  Y-axxS,  *nd  Z-axis  are  aleo  described  in  this  diagram.  Thus 
acceleration  about  the  X-axis  moans  that  the  acceleration  forces  are 
causing  the  heart  to  roll  left  in  the  chest.  This  is  designated  as  fe-x* 
Acceleration  about  the  Y-axis  means  that  the  acceleration  forces  are 
causing  the  heart  to  pitch  down  within  the  chest.  This  is  designated 
as  Ry.  Acceleration  about  the  Z-axis  means  that  the  acceleration 
forces  are  causing  the  heart  to  yaw  left  in  a  direction  about  the  Z- 
axis,  and  this  is  designated  as  flz  ,  The  negative  sign  is  conveni¬ 
ently  used  to  indicate  conditions  in  which  the  acceleration  forces  are 
causing  the  heart  to  be  displaced  in  the  opposite  directions  around 
the  X-axis  and  Z-axis. 

This  anatomical  nomenclature  permits  a  physiological  de¬ 
scription  of  the  forces  acting  on  man  with  respect  to  his  own  X,  Y, 
and  Z  body  axes.  Most  other  nomenclatures  pertain  to  the  forces 
acting  on  the  X,  Y,  and  Z  axes  of  the  vehicle,  and  consequently  a 
description  of  the  man’s  specific  environment  within  the  vehicle  la 
difficult,  eapeclally  if  ho  changes  body  positions  during  flight. 
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Fig.  1  Physiological  displacement 
acceleration  nomenclature 


Fig.  2  Average  acceleration  tolerances  for 
transverse  supine  acceleration  {-fO^}}  trans¬ 
verse  prone  acceleration  positive 

acceleration  {+G^)»  and  negative  accelera¬ 
tion  (-Gz) 
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In  acceleration  physiology,  it  is  convenient  to  moasuro  ac¬ 
celeration  a  as  a  multiple  o£  the  standard  unit  of  acceleration  duo 
to  gravity,  and  any  force  JT  as  a  multlpto  of  tho  standard  weight  W  of 
the  body  upon  which  IT  is  acting.  However,  because  of  tho  physio¬ 
logical  importance  of  the  position  of  the  human  body  with  respect  to 
the  acceleration  force,  the  directional  aspects  of  the  acceleration 
quantity  are  considered  differently  from  those  used  in  physics.  In 
acceleration  physiology,  only  the  magnitudes  of  the  vectors  £and  W 
are  employed.  The  directions  of  the  vectors  a  and  Fare  independent 
of  the  fixed  directions  of  the  physical  quantities  £and  W.  It  is  de¬ 
sirable  to  employ  a  single  symbol  to  represent  the  common  ratio 
formed  by  normalizing  F  and  a  with  respect  to  the  standard  gravita¬ 
tional  values.  Thus,  G  is  defined  as  a  ratio  of  forces,  or,  as  a 
ratio  of  accelerations  (Dixon  and  Patterson,  14)  as  follows: 

_  a  F 

0,?"°  ? 


More  discussions  and  comparisons  of  various  nomencla¬ 
tures  are  described  by  Clark,  et  al  (13),  Gauer  and  Zuidema  (1), 
Gell  (15)  and  Chambers  (7). 

PHYSIOLOGICAL.  TOLERANCE  TO  ACCELERATION  STRESS 

Physiological  tolerance  is  one  of  the  most  important  con¬ 
cepts  in  acceleration  research.  It  is  usually  defined  as  the'  physio¬ 
logical  ability  to  sustain,  endure  or  withstand  the  acceleration 
stress.  The  tolerance  criterion  is  usually  somewhat  arbitrary,  and 
it  encompasses  both  physiological  and  psychological  functioning.  The 
concept  includes  the  usual  physiological  response  brought  about  by 
the  intensity  and  duration  characteristics  of  a  stimulus,  such  that 
the  point  of  response  may  be  separated  from  the  point  of  no  response 
by  a  simple  stimulus  strength-duration  curve.  Many  different  kinds 
of  criteria  have  been  used  to  measure  G  tolerance.  These  include 
EKG  abnormalities  in  rate  or  wave  form,  cardiovascular  response 
survival  time,  chest  pain,  grayout,  blackout,  and  unconsciousness. 
There  are  excellent  reviews  of  the  physiological  tolerance  problem 
in  the  scientific  literature,  and  the  reader  is  referred  td  these  for 
more  exhaustive  considerations  of  the  tolerance  probtem  fEiband, 

16;  Webb,  17;  Gauer  and  Zuidema,  1). 

Figure  2  presents  a  set  of  curves  which  we  havo  extrapola¬ 
ted  from  approximately  20  experiments.  The  figure  shows  soma  of 
the  most  important  relationships  for  magnitude  of  acceleration  and 
duration  tims  for  positive  acceleration  (+GZ),  negative  acceleration 
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(~Gji)i  transvorso  supine  acceleration  (+GX),  and  transvorso  prone 
acceleration  (-Gx),  Thu  plot  ii  partially  theoretical  since  data 
along  some  o£  tho  intermediate  point*  are  not  available,  Thu  figure 
represents  averages,  and  not  necessarily  maximum  tolerance  levels. 
The  figure  shows  that  the  acceleration  load  which  a  subject  can  sus¬ 
tain  for  any  given,  duration  time  is  higher  for  transverse  supino  (+GX) 
acceleration  than  for  the  remainder  of  acceleration  vectors.  The 
primary  limiting  factor  for  positive  transverse  acceleration  is  res¬ 
piration  difficulties  and  fatigue.  Transverse  prone  acceleration 
(-Gx)  is  next,  and  the  primary  limiting  factors  are  visual  decrement 
and  periorbital  pain.  Positive  longitudinal  acceleration  (-tCg)  can  be 
endured  at  lower  level,  and  the  data  in  this  figure  assume  the  pres¬ 
ence  of  a  G-suit  to  assist  in  maintaining  blood  flow  in  the  trunk  and 
head  areas.  Visual  decrement  (visual  grayout  and  blackout)  without 
necessarily  the  presence  of  pain,  are  the  primary  limiting  factors 
for  this  acceleration  load*  Negative  longitudinal  acceleration  (~GZ) 
can  be  sustained  for  only  short  periods  of  time,  and  for  only  rela¬ 
tively  low  acceleration  levels.  Excessive  pain  in  the  head  and  eyes 
and  possible  severe  cardiac  damage  may  result  from  negative  longi¬ 
tudinal  acceleration. 

Figure  3  summarizes  the  results  of  an  experiment  in  which 
a  group  of  healthy  pilots  attempted  to  sustain  relatively  high  +GX, 

-Gx,  and  +GZ  acceleration  vectors  for  long  periods  of  time  using 
the  Ames  restraint  system,  a  portable,  adjustable  type  designed  for 
all  three  vectors  (Sroedal,  et  al,  18).  The  system  was  designed  to 
provide  the  pilot  with  not  only  physiological  G  protection,  but  also 
with  minimal  restriction  for  performing  operations,  providing  re¬ 
straints  for  the  arms,  feet,  and  head  so  that  these  body  members 
could  be  maintained  secure,  yet  relatively  free  to  move,  during 
exposure  to  G.  The  criteria  for  these  runs  were:  (a)  medical,  e.g,, 
the  medical  officer  decided  that  the  runs  should  be  terminated  be¬ 
cause  of  cardiac  or  respiratory  problems,  or  (b)  the  pilot's  tracking 
performance  became  unsatisfactory,  as  judged  by  a  performance 
monitor.  The  figure  presents  some  unusually  outstanding  time- 
tolerance  to  acceleration  centrifuge  runs  along  three  different  ac¬ 
celeration  vectors.  This  particular  figure  represents  results  of 
prolonged  high-G  acceleration  tests  in  which  experienced  pilots 
served  as  subjects.  They  continuously  per  formed' piloting  tasks  in 
acceleration  fields  during  steady-state  G  exposures  in  which  per¬ 
formance  proficiency  as  wetl  as  physiological  tolerance  were  used 
as  tolerance  criteria. 
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Ptiyiiotofical  0-  Uniti 


Fig.  3  Endurance  time  in  seconds  versus 
physiological  G  units  for  a  group  of  highly- 
motivated  pilots 


Fig.  4  Mean  Integrated  Error  for 
eye -balls  in  eye-balls  out 

(-Gx)  and  eye-balls  down  {+GZ} 
accelerations  for  12  test  pilots 
during  sustained  tests  on  the  human 
centrifuge 
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In  addition  to  the  physiological  tolerance  Urmia  which  define 
tho  end  point*  for  reliable  functioning  for  any  particular  physiological 
cyatem  during  exposure  to  acceleration  stress,  there  are  also  per¬ 
formance  tolerance  limits  which  define  the  ond  point*  for  reliable 
functioning  of  any  particular  overt  behavior  system  during  accelera¬ 
tion  (Chambers  and  Nelson,  ll).  The  physiological  and  performance  - 
tolerance  limits  may  bo  functionally  related,  but  they  are  not  neces¬ 
sarily  the  same.  Performance  tolerance  limits  usually  indicate  the 
G  amplitude  level  or  time  during  which  a  pilot  may  satisfactorily 
perform  a  given  task  (see  Figure  4).  The  specification  and  develop¬ 
ment  of  performance  tolerance  maps  which  show  impairment  as  a 
function  of  physiological  acceleration  stress  are  dependent  upon  the 
identification  and  quantification  of  performance  errors  so  that  the 
amount  of  impairment  of  the  particular  human  ability  in  question 
may  be  indicated. 


It  has  long  been  known  that  acceleration  may  produce  subtle 
confusion,  disorientation,  memory  lapses,  and  some  loss  of  control 
of  voluntary  movements.  However,  there  is  a  need  for  meaningful 
and  quantifiable  expressions  of  accuracy,  speed,  and  consistency  of 
piloting  performance  during  exposure  to  these  adverse  environ¬ 
ments  . 


There  is  not  time  during  this  conference  to  present  a  de¬ 
tailed  account  of  the  amplitude,  frequency,  and  duradon  parameters 
of  error  performance  as  we  have  observed  them  during,  acceleration 
studies.  However,  there  is  time  to  present  a  list  of  eleven  different 
types  of  error  performance  which  test  pilots  and  astronauts  fre¬ 
quently  make  during  stressful  portions  of  acceleration  runs,  but 
which  they  do  not  generally  make  during  static  control  runs.  These 
are  not  specific  to  any  particular  kind  of  piloting  tasks.  Rather,  it 
is  believed  that  these  eleven  types  of  errors  are  common  to  piloting 
behavior  under  conditions  of  intense  ox  prolonged  acceleration 
stress.  They  are  meaningful  expressions  of  accuracy,  speed,  and 
consistency  of  behavior. 

(a)  increase  in  error  amplitude  "~ 

(b)  lapses,  or  Increasing  unevenness,  and  irregularity,  in 
performing  the  task 

(c)  performance  oscillations 

(d)  fatting  off  in  proficiency,  or  failure  to  respond,  in 
some  part  of  the  task,  and  not  In  other  parts  of  the  task,  while 
maintaining  proficiency  In  other  parts 

(e)  changes  in  timing  or  phasing  of  task  components,  as 
may  occur  for  either  a  multidimensional  task  or  In  a  sequential  task 
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( f )  inadvertent  control  Input* 

(g)  change*  In  tho  rate  (or  frequency)  of  performance,  in¬ 
cluding  response  lag* 

(h)  Initiation  of  performance  nonuisential  to  tho  tank 

(l)  ovor-controlllng  and  under-controlling,  a*  during  a 

transition  phase 

(j )  failure  to  detect,  or  inability  to  sense,  perceive,  and/or 
otherwise  retrieve  stimuli  and  other  information 

(k)  errors  in  retrieving,  integrating,  storing,  processing  or 
reporting  information 

G- PROTECTION 

In  addition  to  the  concepts,  of  physiological  and  performance 
G  tolerance,  an  important  concept  is  that  of  G-protection.  There 
are  many  kinds  of  G  protection,  including  form-fitted  contour  cou¬ 
ches,  net  couches,  G-suits,  water  suits,  a  large  variety  of  straps, 
restraints,  bindings,  and  foams.  G-tolerance  maybe  raised  con¬ 
siderably,  depending  on  the  nature  of  the  protective  device  used.  G- 
protection  equipment  also  influences  the  kinds  of  tasks  which  a  per¬ 
son  may  perform  during  acceleration  exposure  since,  in  addition  to 
providing  support  so  that  the  subject  may  withstand  the  acceleration 
and  consequently  perform  better,  it  also  restrains  and  restricts  the 
subject's  movements  and  the  kinds  of  operations  he  may  perform.  G- 
protection  may  either  facilitate  or  impair  performance,  depending 
on  how  it  is  designed  with  respect  to  the  pilot  and  his  acceleration 
environment. 

The  G-protection  system  which  is  receiving  most  intensive 
study  at  the  present  time  is  the  contour  couch.  During  the  past  four 
years,  AMAL  working  closely  with  NASA,  has  been  Instrumental  in 
developing  and  testing  a  variety  of  contour  couches  which  could  be 
used  for  operational  use,  A  family  of  these  couches  is  shown  in 
Figure  5,  Each  couch  is  individually  molded  for  a  specific  person. 
The  one  at  the  far  left  was  developed  in  cooperation  with  the  NASA 
High  Speed  Flight  Center  at  Edwards  Air  Force  Base,  California, 
and  was  found  to  be  satisfactory  for  acceleration  loads  extending  to 
G*  during  which  timo  the  pilot  was  required  to  fly  complex  two- 
stage  boost  orbital  missions.  The  second  couch  was  a  design 
developed  for  the  Msrcury  Astronauts  and  this  particular  couch  for 
Astronaut  Carpenter,  permitted  acceptation  runs  to  4-H  Gx,  and 
some  of  die  astronauts  who  were  fitted  to  these  couches  achieved 
runs  to  19  Gx.. These  couches  were  developed  in  cooperation  with 
NASA  Langley  Research  Center, 
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fig.  5  Examples  of  individually  molded  contour 
couches  used  in  pilot  performance  studies 


Fig,  6  Modified  contour  couch 
used  for  astronaut  training 
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In  tho  cuntor  ic  a  couch  developed  In  cooperation  with  tho 
NASA  Amu*  Research  Center.  Tho  primary  foaturo  of  this  couch 
was  that  tho  foot  coutd  be  freed  so  as  to  allow  the  pilot  to  use  toe 
pedals.  Pilots  have  successfully  used  couches  of  this  type  to  as 
high  as  +14  Gx  without  losing  control  of  relatively  complex  piloting 
tasks  •  The  fourth  couch-  represent*  a  model  which  was  developed 
for  permitting  the  use  of  the  Mercury  full-pressure  suits.  This 
model  of  couch  was  used  in  most  of  the  centrifuge  acceleration  train- 
ing  projects  for  the  Mercury  Astronauts.  These  couches  were  de¬ 
veloped  in  cooperation  with  NASA  Langley  Research  Center  and  the 
McDonnell  Company.  The  last  couch,  represents  the  final  design 
used  in  some  of  the  centrifuge  training  programs  for  the  Mercury 
Astronauts,  showing  slight  additions  of  an  inner -liner  and  slightly 
modified  head  support.  This  couch  design  was  used  in  the  early 
Mercury  flights  and  has  been  found  effective  for  tolerating  accelera¬ 
tion  loads  up  to  14  Gx  without  losing  control  of  a  relatively  complex 
reentry  task. 
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Figure  6  shows  the  contour  couch  used  to  provide  accelera¬ 
tion  refresher  training  for  Astronauts  Walter  Schirra  and  Gordon 
Cooper.  Note  that  the  original  leg  restraints  have  been  removed 
and  a  relatively  light  lateral  support  has  been  substituted.  This 
allows  the  astronaut  more  freedom  of  leg  movement  during  prolonged 
periods  of  confinement  while  in  his  capsule.  This  particular  seat 
has  also  been  vised  on  a  number  of  basic  research  studies-in  which 
„it  hasjbeen  found  that  the  addition  of  positive  pressure  breathing  and 
100%  oxygen  slightly  increases  acceleration  tolerance  time  to  trans¬ 
verse  acceleration. 
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One  of  the  bc.sic  needs  in  the  area  of  G-protection  is  a 
"universal  fit"  contour  couch.  In  Figure  7  a  contour  couch  is  pres¬ 
ent  which  has  been  tested  on  test  pilots  from  the  USAF  Aerospace 
Research  Pilots'  School  at  Edwards  Air  Force  Base,  California, 
and  on  other  volunteer  subjects  ranging  from  heights  of  5'2"  to 
6*3U,  and  in  weight  from  HQ  pounds  to  219  pounds.  The  couch  con¬ 
sists  of  three  layers  of  foam  of  different  masses,  arranged  so  as  to 
pro^de  m^  G  protectidn  and  comfort  at  all  G  levels.;  -  Note 

-  -  its  deep  lateral  supports  and  the  smooth  head  supports*  This  .couch 
has  been  tested  for  both  lateral  and  transverse  acceleration  up  to 
15  G»  It  has  been  tested  on  a  wide  variety  of  subjects  and  found  to 
be  extremely  comfortable  for  moderately  high  transverse  accelera¬ 
tion  loads. 

A  variety  of  unusual  restraints  have  been  used  in'accetora- 
tion  studies  including  net  couches,  water-tanks,  water -capsules, 
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Fig.  7  AMAL  universal G couch 
designed  to  provide  +GX  protec¬ 
tion  for  all  centrifuge  subjects 
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Fig.  8  Diagram  of  the  human  centrifuge  and  associated 
computer  facilities  to  provide  closed-loop  flight  simula¬ 
tion  of  space  vehicle  environments 
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and  procedure*  for  complutoly  foaming  the  human  subject,  Theao 
aro  reviewed  In  article*  by  Bondurant,  ot  al  ( 1 9 ) •  Clark  and  Gray 
(20),  Weaver,  ot  al  (21)  and  Luvorott,  et  at  (22). 

DYNAMIC  FLIGHT  SIMULATION 

Many  of  the  physiological  performance  problems  expec¬ 
ted  to  be  encountered  In  flight  may  be  atudied  by  means  of  simulation 
techniques.  By  using  centrifuges,  rocket  tracks,  and  other  accel¬ 
eration  devices,  it  is  possible  to  produce  some  of  the  acceleration 
conditions  of  real  flight.  Unconstrained  motion  with  aircraft  and 
spacecraft  involves  six  degrees  of  freedom  which  may  be  conveni¬ 
ently  expressed  in  terms  of  six  components,  three  of  which  are 
linear  accelerations  and  three  of  which  are  orthogonal  angular  ac¬ 
celerations,  For  any  given  aircraft  or  spacecraft,  some  of  these 
components  are  more  important  than  others,  and  the  ways  in  which 
these  are  combined  determine  the  complexity  of  the  pilot's  accelera¬ 
tion  environment.  It  is  possible  to  express  these  linear  and  angular 
accelerations  in  terms  of  the  amplitude,  direction,  rates  of  onset 
and  decline,  duration  and  pattern  of  acceleration  components,  using 
the  acceleration  nomenclature  which  has  been  described  already. 

This  permits  a  comprehensive  description  of  the  acceleration  en¬ 
vironment  with  respect  to  the  human  pilot,  and  many  aspects  of  the 
acceleration  environment  can  be  simulated  on  the  human  centrifuge. 

A  schematic  diagram  of  the  AMAL  Human  Centrifuge  and 
some  of  its  associated  computer  equipment  is  shown  in  Figure  8. 
When  the  responses  of  the  pilot  are  included  within  the  driving  mech¬ 
anism"  of  the  acceleration  device  so  that  the  accelerations: he-  re¬ 
ceives  from  moment  to  moment  vary  as  a  function  of  his  behavior, 
an  interesting  type  of  interaction  effect  occurs,  since  the  pilot's  be¬ 
havior  also  varies  as  a  function  of  the  acceleration  he  experiences. 

A  photograph  of  this  device,  including  a  Mercury  Astronaut  in  his 
pressure  suit,  is  shown  in  Figure  9.  After  the  astronaut  enters  the 
centrifuge,  the  hatch  is  closed,  audlhe  atmospheric  pressure  may 
be  regulated  in  order  to  simulate  some  of  the  environmental  condi¬ 
tions  which  maybe  encountered  during  normal  and  emergency 
flight.  • 


An  astronaut,  in  his  cockpit  within  the  centrifuge  gondola, 
is  shown  in  Figure  10,  The  pilot  within  the  gondola  of  the  centri¬ 
fuge  is  provided  with  an  instrument  display  panel,  a  control  device, 
and  other  piloting  equipment,  as  may  be  required.  The  pilot  oper¬ 
ates  his  control  devices  in  response  to  information  presented  on  the 
instrument  panel  and  cues  which  he  receives  during  the  acceleration. 
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Fig.  10-  Project  Mercury  astronaut  performing  a 
cip able'attitnde  control  maneuver  during  a  simulated 
apace  flight—  -  *  •  ~ 
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Tha  analog  computer*  aro  used  to  clo*e  tho  loop  botwoon  tho  pilot) 
hta  display*)  hi*  control*,  and  thu  centrifugo  accoloration*.  Thu*, 
the  control  movement*  which  tho  pilot  makoa  aro  convortod  into 
electrical  algnal*  and  fod  into  tho  analog  computer,  which  continu¬ 
ously  generate*  the  flight  problom  and  provide*  solution*  which  re¬ 
sult  In  output  signals.  Some  of  the  signal  output  aro  transformed 
hy  a  coordinate- coaler  elan  ay* tom  into  appropriate  centrifuge cowr~ 
trol  signals  which  regulate  the  power  voltages  to  the  arm  and  gim- 
bal  system  of  the  gondola.  Simultaneously,  other  signal  outputs  are 
fed  to  the  pilot's  instruments. 

The  pilot-centrifuge -computer  system  described  above  con¬ 
sists  basically  of  two  closed-loop  systems:  one  connecting  the 
pilot's  control  responses  with  the  driving  system  of  the  centrifuge, 
and  the  other  connecting  the  pilot's  control  responses  with  the  driv¬ 
ing  mechanisms  of  the  indicators  on  the  pilot's  instrument  panel. 
(Hardy,  et  al,  23}  Chambers  and  Doerfel,  9}  Chambers,  7.) 

This  procedure  has  been  used  in  a  number  of  projects,  such 
as  the  X-15,  Mercury,  a  number  of  basic  research  studies,  and 
X-20.  The  cockpit  installation  used  in  X-20  on  the  centrifuge  is 
shown  in  Figure  11. 

During  a  typical  simulation  program  on  the  AMAL  centri  ¬ 
fuge,  there  are  from  3  to  9  duty  stations  at  which  various  types  of 
-recordings  are  taken.  These  recordings  include  psychological,  per¬ 
formance,  medical  and  engineering  data.  Sometimes,  a  large 
analog  computer  system  records  performance  error  Ils  a  function  of 
the  programmed  task  and' may,  if  desired,  convert  the  analog  score j 
to  integrated  error  scores  or  to  digital  readouts  on  CBM  cards. 
Another  computer  system  computes  means  and  variability  for  each 
run  as  the  run  proceeds,  thereby  providing  detailed  in-line  scoring 
as  each  run  progresses.  In  addition,  there  are  several  additional 
data  processing  systems  available  for  special  purpose  analysis  such 
as  a  14-channel  magnetic  tape  recorder.  For  example,  Figure  12 
shows  a  performance  monitoring  system.  At  this  station,  in-line 
data  recording  and  data  processing  is  provided  by  feeding  the  re¬ 
sponses  through  a  small  analog  computer  system  ’vhieh  simultan - 
eously  yields  individual  means  and  standard  deviations^ *.  the  sub¬ 
ject's  performance  on  several  task  components.  Figure  13  a.iows  a 
block  diagram  of  some  of  the  performance  analyses  which  were  done 
in  support  of  the  recent  X-20  project. 

It  programmed  appropriately,  the  human  centrifuge  may  be 
used  as  a  dynamic  simulation  device  In  which  physiology  and 
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Fig.  11  Dyna-Soar  pilot  inserted  into  gondola 
reviewing  mission  profile 


Fig.  12  Performance  monitoring  station 
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Fig.  13  Diagram  of  performance  monitoring 
station  operations  for  Project  Dyna-Soar 
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Fig.  14  Three  basic  types  of  proposed  space  vehicle 
configurations  within  which  human  factor  problems  have 
been  studied  at  the  AMAL 
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performance  of  pitots,  and  the  behavior  and  effectiveness  of  cockpit 
instrumants.  bo  etudied  and  evaluated.  If  programmed  to  simu- 
late  specific  types  of  aerospace  vehicles  during  definite  portions  of 
flight  maneuvers,  the  human  centrifuge  may  serve  as  a  very  useful 
tool  for  identifying  and  investigating  some  of  the  human  factor  prob¬ 
lems  associated  rrUfc  a  '.aide  variety  of  the  acceleration.aspficts.of 
flight.  The  effects  of  acceleration  on  pilot  physiology,  pilot  per¬ 
formance  and  pilot  ability  to  use  specific  controls,  displays  and  es¬ 
cape  equipment  may  be  investigated.  In  addition,  if  the  centrifuge  is 
instrumented  with  appropriate  environmental  conditions  such  as 
atmospheric  pressure,  pressure  suit,  oxygen  and  other  gaseous  con¬ 
ditions,  and  computer  control  of  the  behavior  of  both  centrifuge  and 
the  panel  instrument,  the  centrifuge  serves  as  a  very  useful  tool  for 
studying  the  effects  of  combinations  of  conditions  which  a  pilot  may 
expect  to  encounter  during  any  given  particular  acceleration  phase 
of  his  flight.  Consequently,  the  centrifuge  may  also  serve  as  a  very 
effective  tool  for  studying  the  integrated  performance  of  the  pilot  and 
many  selected  aspects  of  cockpit,  displays,  controls,  and  environ¬ 
mental  conditions.  The  interaction  effects  may  serve  as  convenient 
indications  of  complete  man -machine  systems  performance. 

Finally,  the  human  centrifuge  is  an  extremely  useful  training  device 
for  acceleration  aspects  of  complex  flight  missions. 

To  date,  most  of  the  simulation  programs  have  been  con¬ 
cerned  with  human  factors  problems  relating  to  each  of  three-basic 
types  of  space  vehicles,  as  illustrated  in  Figure  14.  At  the  bottom 
left  of  the  figure  ts  shown  a  high  drag,  variable  lift  winged  Vehicle 
(Type  I).  During  reentry  in  this  vehicle,  the  pilot  performs -while 
sitting  in  a  normal  flying  position  and  receives  positive  acceleration 
forces  along  his  Z  axis.  At  the  top  of  the  figure  is  shown  die  high 
drag  capsule  (Type  II),  in  which  the  pilot  performs  while  sitting 
facing  backwards  with  respect  to  his  velocity,  and  in  which  he  re¬ 
ceives  supine  transverse  acceleration  forces  primarily  along  his 
X  axis.  To  the  right  is  shown  a  sketch  Of  a  glide  capsule  (Type  HI) 
in  which  the  pilot  performs  while  facing  forward  in  his  vehicle,  and 
in  which  he  receives  G  forces  which  are  resultants  of  -Gx  and  +GZ 
and  -Gx  components.  During  reentry,  the  pilot  in  the  high»drAg, 
variable  Uft  winged  vehicle  is  pressed  down  into  his  seat;  the  pilot 
in  the  high  drag  capsule  is  pressed  against  the  back  of  his  seat;  and 
in  the  glide  vehicle,  the  pilot  is  pressed  against  his  shoulder  straps. 
At  our  laboratory,  simulations  in  the  first  vehicle  type  have  been 
conducted  to  acceleration  levels  as  high  as  +10  Gz$  simulations  in 
the  second  vehicle  have  gone  to  as  high  as  +21  Gx;  and  simulations 
in  the  third  vehicle  have  gone  as  high  as  -14  Gx. 
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Studiea  involving  tolerance  timul  to  stoady-stato  accelera¬ 
tions  as  programmed  on  the  nontrifugo  have  shown  approximate  per¬ 
formance  time  tolerances  for  pilots  in  each  typo  of  configuration. 
These  are  shown  in  Figure  15  which  Illustrates  approximate  tolerable 
limits  only  for  the  times  and  gravities  indicated.  Those  approxima¬ 
tions  are  baaed  on  data  obtained  during  centrifuge  simula¬ 

tions  of  proposed  space  vehicles*  The  tolerance  times  in  heavy 
print  are  those  resulting  when  the  pilots  were  protected  in  advanced 
restraint  systems,  which  included  individually  molded  contour  cou¬ 
ches  and  associated  chest,  arm,  leg,  and  head  restraints. 

ASTRONAUT  TRAINING 

The  AMAL  Human  Centrifuge  has  been  found  to  be  a  very 
useful  device  for  astronaut  training.  Since  1958  it  has  been  one  of 
the  major  training  devices  for  preparing  the  Mercury  Astronauts  for 
the  acceleration  phases  of  their  suborbital  and  orbital  space  flights. 
Figure  16  summarizes  some  of  this  training  effort.  The  active 
Mercury-type  instrument  panel,  Mercury-type  side-arm  controller, 
complete  environmental  control  system,  and  remotely-controlled 
centrifuge  drive  system  permitted  extensive  training  on  a  wide 
variety  of  piloting  tasks  and  emergency  conditions  during  exposure 
to  the  various  acceleration  profiles  for  Redstone,  Atlas,  and  abort 
maneuvers.  The  instrument  panel,  shown  in  Figure  17,  was  used  in 
a  variety  of  ways  to  acquatnf~the  astronaut  with  instrument  malfunc¬ 
tioning,  visual  perception  changes  during  acceleration,  flight  prob¬ 
lems,  and  the  operation  of  his  telolights,  knobs,  and  handles.  The 
association  of  teiepanel  indicator  lights  with  acceleration  levels  and 
capsule  events  constituted  a  major  training  effort  and,  as  may  be 
seen  in  Figure  18,  the  acceleration  profile  and  its  associated  events 
constituted  a  complex  sequence  of  events. 

A  complete  environmental  control  system,  pressure-suit, 
contour  couch  restraint  system,  100%  oxygen,  and  biosensors  were 
provided.  When  the  gondola  was  sealed  and  depressurized  to  5 
pounds  per  square  inch,  the  interactions  with  many  different  space- 
flight  conditions  were  e*  perleneed  by  the  astronautav-  Buring  the 
course  of  five  training  ptograms  at  this  facility,  the.asjtronauts  re¬ 
ceived  practice  in  straining  in  order  to  maintain  good  vision  and 
physiological  functioning  under  high  G  loads,  and  in  developing 
breathing  and  speaking  techniques  during  high  G  launch,  reentry, 
and  abort  stress.  Experience  in  tumbling  and  oscillations  during 
relatively  high  G  exposures  was  also  provided.  The  astronauts 
were  g*  ven  extensive  practice  in  controlling  their  simulated  vehicle 
during  reentry  and  other  phases  of  tholr  simulated  flights.  They 
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Fig.  15  Approximate  performance  time  toler¬ 
ances  for  experienced  pilots  performing 
piloting  tasks  in  acceleration  fields  during 
centrifuge  re-entry  simulations  of  space 
vehicles 
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Fig.  16  Mi  'il  of  U.S.  Navy  Centrifuge  -  Simulation  and 
Training  for  Manned  Space  Missions 


tcaKmm 


Chambers  -  Wray 


Fig.  17  Mercury  type  instrument  panel 
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Fig,  18  Approximate  G  pro¬ 
file  with  event  times  and  as¬ 
sociated  tolepanel  indicators 


Fig.  19  Average  pitch  and  yaw 
error  correlated  with  Redstone  G 
profilet  for  astronauts  A,  B,  and  C 
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also  became  skilled  In  the  operation  of  their  environmental  control 
systems  and  capsule  communication  procoduros  during  acceleration 
exposure.  Simultaneously,  extensive  physiological  monitoring  and 
performance  provided  continuous  information  on  astronaut  endurance 
and  piloting  skill.  Figure  19  shows  an  example  of  a  typical  Redstone 
acceleration  profile  during  which  time  the  ability  theast lomuttr  ' 
to  track  in  pitch  and  yaw  dimensions  was  monitored.  The  figure 
shows  that  there  was  very  little  effect  of  the  acceleration  on  their 
tracking  skill  during  these  particular  runs, 

"Complete  mission  simulations"  were  presented  during 
which  early  morning  suiting,  psychiatric  testing,  waiting  in  the 
gondola,  launch,  orbit,  reentry,  escape,  post-flight  testing,  and 
debriefing  were  provided  on  a  real-time  basis.  This  type  of  simu¬ 
lation  presented  physiological  and  psychological  conditioning  and 
man-machine  evaluations  along  real-time  scale  profiles.  An  addi¬ 
tional, advantage  of  this  type  of  training  was  that  the  astronauts 
were  able  to  experience  the  many  subtle  and  elusive  interactions 
which  occur  between  the  physiological,  psychological  and  engineer¬ 
ing  stress  variables.  Evaluations  of  the  AMAL  centrifuge  as  a 
training  device  have  been  very  favorable  (Slayton,  24;  Glenn,  25,  26; 
Shepard,  27;  Grissom,  28;  Voas,  et  al,  29;  Voas,  30;  Carpenter, 

31.) 

VISUAL  PERFORMANCE 

At  a  recent  study  conducted  at  AMAL  in  cooperation  with 
the  Cornell  Aeronautical  Laboratories,  it  was  demonstrated  that 
the  minimally  acceptable  (threshold)  contrast  was  greater  fox  posi¬ 
tive  acceleration  than  for  transverse  acceleration.  In  this  particu¬ 
lar  experiment,  visual  brightness  discrimination  was  studied  at 
four  levels  of  background  luminance,  at  four  levels  of  positive  ac¬ 
celeration,  and  at  five  levels  of  transverse  acceleration.  In  this 
study,  the  subject  in  the  centrifuge  viewed  a  circular  test  patch 
against  a  diffuse  background,  and  operated  a  response  button  to 
indicate  the  appearance  or  disappearance  of  the  test  patch.  Each 
-  centrifuge  test  run  provided  approximately  15  responses,  each  df 
which  was  at  peak  G  for  90  seconds.  Using  six  healthy  subjects, 
with  20/20  vision,  brightness  discrimination  thresholds  were  de¬ 
termined  at  positive  acceleration  levels  of  1,  2,  3,  and  5  Gz,  and 
at  transverse  acceleration  levels  of  1,  2,  3,  5,  and  7  Gx.  Deter¬ 
minations  were  made  at  each  G  level  with  background  luminance  of 
,03,  ,29,  2,9,  and  31.2  foot-lamberts.  Figure  20  shows  the  ob¬ 
served  relationship  between  brightness  discrimination  threshold 
and  background  luminance  for  each  of  the  four  lovols  of  positive 
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Fig.  20  Result*  of  experiment 
showing  relationship  between 
brightness  discrimination  thresh¬ 
old  and  background  luminance  for 
four  levels  of  positive  acceleration 


Fig.  21  Relationships  between  bright¬ 
ness  discrimination  threshold  and 
background  luminance  for  each  of  five 
levels  of  transverse  acceleration 


Fig.  22  Pressure  breathing  oxygen 
regulator  installed  in  centrifuge 
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acceleration,  Figure  21  shows  tho  obtained  rolattonshi pa  between 
brightness  discrimination  threshold  and  background  luminance  for 
each  of  the  flvo  levels  of  transverse  acceleration.  Those  figures 
■how  that  for  each  of  tho  four  positive  acceleration  conditions  the 
visual  contrast  requirements  Incruasud  as  tho  background  luminance 
decreased.  Also,  for  any  given  background  luminance  level,  the 
higher  acceleration  levels  required  more  brightness  contrast.  Simi¬ 
lar  results  were  shown  for  the  transverse  G  exposures.  A  compari¬ 
son  of  these  two  figuros  shows  that  positive  acceleration  stress  con¬ 
sistently  imposed  higher  contrast  requirements  than  did  transverse 
acceleration. 

Armstrong  (32)  and  Watson  and  Cherniak  (33)  have  sug¬ 
gested  that  providing  a  pilot  with  positive  pressure  breathing  of 
100%  oxygen  during  acceleration  stress,  especially  sustained  trans¬ 
verse  acceleration,  increases  endurance  time.  Watson  and 
Cherniak  (33)  reported  a  67%  increase  in  endurance  time  for  sub¬ 
jects  exposed  to  +10  Gx  when  positive  pressure  breathing  of  100% 
oxygen  was  provided.  Using  the  same  visual  brightness  discrimina¬ 
tion  apparatus  as  described  in  the  above  section,  an  experiment  was 
conducted  at  AMAL  to  determine  whether  positive  pressure  breath¬ 
ing  of  100%  oxygen  would  facilitate  brightness  discrimination  during 
steady-state  accelerations.  The  subjects  operated  a  pressure 
breathing  oxygen  regulator  manually  (see  Figure  22)  so  as  to  pro¬ 
vide  0.7  inches  of  mercury  per  G  conditions  of  both  transverse 
acceleration  and  positive  acceleration  exposures  on  the  centrifuge. 
The  subjects  performed  under  three  breathing  conditions:  breathing 
normal  air,  100%  oxygen,  and  100%  oxygen  under  positive  "pressure. 
Given  a  background  luminance  of  .03  foot-lamberts,  the  subjects 
were  required  to  repetitively  operate  a  switch  (see  Figure  22)  to 
maintain  the  target  at  the  minimally  discriminate  brightness  con¬ 
trast  level.  The  results  obtained  under  positive  pressure  (Gz)  ac¬ 
celeration  exposures  of  90  seconds  duration,  each  under  accelera¬ 
tion  loads  of  1,  3,  4,  and  5  G  are  shown  in  Figure  23.  These  data 
suggest  that  at  the  3,  4,  and.  5  Gz  levels,  the  positive  pressure  plua 
100%  oxygen  required  less  visual  contrast  than  was  required  under 
the  other  experimental  conditions. -s*Similar results~are  shown  for  Gx 
accelerations,  as  shown,  in  £4,  The  contrast  required  for 

discrimination  appeared  to  be  the  same  for  both  the  100%  oxygen 
and  100%  oxygen  plus  positive  pressure  breathing.  It  is  interesting 
to  note  that  as  acceleration  increased,  the  percentage  of  subjects 
reporting  beneficial  effects  from  the  positive  pressure  breathing  of 
100%  oxygen  increased,  as  compared  with  the  other  conditions  (see 
Figure  25).  (The  details  of  this  study  are  reported  by  Chambers, 
et  at,  34). 
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Fig.  23  Mean  visual  brightness  con¬ 
trast  in  percent  versus  acceleration 
in  Gz  units  for  normal  air,  100%  O2# 
and  100%  oxygen  plus  positive 
pressure 


Fig.  24  Comparison  of  effects  of 
breathing  normal  air,  100%  oxygen, 
and  100%  oxygen  plus  positive  pres¬ 
sure  on  brightness  contrast 
requirements 


Fig.  25  Percent  of  subjects  reporting 
beneficial  effecta  of  positive  pressure 
breathing  of  100%  oxygen  aa  com¬ 
pared  with  normal  breathing  of  100% 
oxygen  and  normal  air 
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A  aimilar  atudy  was  conductod  on  test  pilot*  at  much  higher 
acceleration  loads,  using  peak  acceleration  centrifuge  runs  of  8,  10, 
and  12  G's.  The  pilots  wore  volunteers  from  the  USAS'  Aerospace 
Pilot'd  School  at  Edwards  Air  Force  Base,  The  pilots  performed  a 
Mercury  type  reentry  task,  with  the  centrifuge  at  a  ateady-state 
acceleration,  level  for  2.  mir>ate»  «nd«rr  eartr  brea thirty  condition. 

The  centrifuge  Installation  for  this  experiment  Is  shown  in  Figure 
26.  At  4*12  Gx,  there  were  definite  suggestions  that  performance 
under  conditions  of  positive  pressure  breathing  of  100%  oxygen  was 
superior  to  normal  atmospheric  breathing  of  100%  oxygen.  Figure 
27  summarizes  these  data.  At  6,  8,  and  10  Gx,  however,  no  dif¬ 
ferences  were  observed.  Subjectively,  the  pilots  reported  that 
positive  pressure  breathing  of  100%  oxygen  was  superior  to  the  con¬ 
dition  of  normal  breathing  of  100%  oxygen  in  terms  of  breathing 
ease  and  general  comfort  (Chambers,  et  al,  34). 

RESPONSE  TIME 

Although  it  is  generally  agreed  that  acceleration  influences 
discrimination  reaction  time  behavior,  it  has  not  been  possible  to 
identify  all  of  the  underlying  mechanisms  which  mediate  these 
effects.  During  acceleration,  the  changes  observed  in  reaction 
time  may  be  associated  with  pitot  impairment  in  a  variety  of  physi¬ 
cal  loci.  Acceleration  might  reduce  the  capacity  of  the  peripheral 
system  to  receive  the  stimulus,  or  of  the  central  nervous  system 
to  process  already  received  stimuli  and  to  indicate  discriminatory 
choice,  as  well  as  reduce  the  ability  of  the  neuromuscular  system 
to  coordinate  the  motor  components  which  translate  the'  response 
into  the  manipulation  of  the  appropriate  control  device.  In  addition, 
some  studies  have  indicated  that  discrimination  reaction  time  under 
G  is  indirectly  affected  by  the  protective  equipment  and  related 
components  present  in  the  situation  in  which  the  tests  are  conducted. 

For  example,  in  Figure  28  it  is  difficult  to  determine  which 
way,  if  any,  suit  conditions  during  dynamic  simulation  influenced 
reaction  time  to  telepanel  light  indication# .  Similarly,  it  is  diffi¬ 
cult  to  determine  whether  acceleration  conditions  influenced'  these 
reaction  times*  Overall  mean  response  time*  to  tele  pane  l  indica¬ 
tion*  were  not  significantly  affected.  However,  detailed  analysis 
of  the  scores  around  any  given  point  indicate  that  the  response 
variability  demonstrated  by  the  astronauts  was  significantly  in¬ 
creased  by  the  acceleration  condition,  and  by  the  suit  hard  condi¬ 
tion*  Similarly,  In  a  later  study  involving  these  same  astronauts, 
at  is  shown  in  Figure  2.9.  the  average  response  time  for  the  suit 
hard  condition  was  slight  /  greater  than  for  the  suit  soft  condition. 
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Fig.  26  Pilot,  mask,  restraint 
system, three -axis  side-arm  con¬ 
troller,  and  instrument  display 
panel  used'  in  positive  pressure 
breathing  experiment 


Fig.  27  Mean  degrees  error  for  pilots  in 
pitch,  roll,  and  yaw  for  four  successive  30- 
second  interval*  during  exposure  tol2Gx 
under  condition*  expositive  pressure  breath¬ 
ing  of  i<50%  oxygen,  and  normal  breathing  of 
100%  oxygon 


Mean  Reaction  Time  in  Seconds 
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Fig.  28  Mean  reaction 
times  to  seven  telelights  in 
Mtf  rctrryTH centrifuge  sim¬ 
ulated  flight  profile 
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Fig.  29  Telepanel  response  time  as  a 
function  of  suit  conditions 


Suit  Pressurization 


Fig.  30  Telepahel  response  time  as  a 
function  of  cabin  pressure 
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The  average  latency  was  4,28  unrfar  suit-hard  conditional  and  3,68 
seconds  during  the  suit-soft  conditions.  Those  differences  were  not 
statistically  different.  It  is  interesting  to  note  that  the  average  re¬ 
sponse  times  were  not  significantly  affoctod  by  the  change  in  altitude 
simulated  by  gondola  evacuation,  as  shown  in  Figure  30,  Here,  the 
average  override  latency  was  3.64  seconds  at  sea  level  pressure 
(14.7  psi)  and  4,68  seconds  when  the  gondola  pressure-  was  reduced 
to  5  psi. 


The  above  studies  were  all  conducted  in  relatively  complex 
Mercury  simulation  projects  in  which  the  pilots  were  performing 
rather  complex  tasks  during  complete  mission  acceleration  condi¬ 
tions.  However,  in  a  series  of  basic  research  studies,  an  attempt 
was  made  to  measure  the  effects  of  steady-state  transverse  accel¬ 
eration  on  discrimination  time  without  the  involvement  of  pressure 
suits  and  gondola  evacuation.  A  discrimination  reaction  time  teat 
apparatus  was  developed  that  consisted  of  four  small  stimulus 
lights,  a  small  response  handle  containing  four  small  response 
buttons,  and  a  programmer  device  which  could  present  a  large 
variety  of  random  sequences  to  subjects  on  the  centrifuge  (Chambers, 
Morway,  et  al,  10).  As  each  of  the  lights  came  on,  the  subject  was 
required  to  press  the  associated  finger  button  with  his  right  hand  as 
fast  as  he  could.  Both  the  automatic  program  which  activated  the 
stimulus  lights  and  the  subject's  responses  were  fed  to  an  analog 
computer  where  initial  data  reduction  was  accomplished.  Following 
pre-acceleration  training  to  establish  a  stable  baseline  performance 
level,  each  subject  received  three  blocks  of  25  trials  each  while  ex¬ 
posed  to  46  Gx  for  five  minutes.  Each  subject  received  three  such 
acceleration  trials.  Since  speed  and  accuracy  were  both  involved  in 
this  type  of  response  behavior,  times  and  errors  were  normalized 
and  added.  The  results  are  shown  in  Figure  31  in  which  a  highly 
significant  effect  of  the  acceleration  on  performance  was  demon¬ 
strated.  Further,  the  effect  persisted  to  the  post-test  period. 

Using  an  auditory  task  rather  than  a  visual  stimulus  in 
order  to  avoid  the  problem  of  visual  interference  which  accom¬ 
panies  acceleration,  it  haa  been  possible  to  obtain  data  on  auditory 
reaction  time  at  grayout  levels.  One  such  task  (Cope  andfcJensen, 

35)  required  the  subject  to  add  pairs  of  numbers  whichhe  heard  via 
an  auditory  magnetic  tape  system  and  then  to  describe  the  sum  by 
pressing  the  small  odd  and  even  rosponse  buttons  which  were 
mounted  upon  his  left  and  right  hand  grips,  respectively.  Research 
with  this  apparatus  during  positive  acceleration  exposures  to  gray¬ 
out  levels  indicated  that  the  time  required  to  make  these  responses 
increased  during  exposure  to  positive  acceleration,  ~ 
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Fig.  31  Complex  discrimination  reaction 
time  performance  measures  recorded 
under  sustained  -8  Cx 
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Fig.  32  Example  of  physiological  and  perform¬ 
ance  measures  recorded  under  sustained  -8  Gx 


Fig.  33  Static  versus  dynamic  conditions 
for  2-stage  and  4- stage  vehicles 
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COMPLEX  SKILLS 

When  pilots  are  trained  to  perform  complex  psychomotor 
tasks,  and  then  subjected  to  stressful  steady-state  acceleration  runs 
on  the  human  centrifuge,  the  effect  of  the  acceleration  on  skill  pro¬ 
ficiency  may  be  readily  demonstrated.  Skill  decrement  usually 
occurs  prior  to  physiological  decrement.  For  example.  Figure  32 
shows  EKG.  pulse,  respiration,  blood  pressure,  tracking  efficiency, 
pitch  error,  heading  error,  roll  control,  pitch  control,  and  yaw  con¬ 
trol  at  -8  Gx  centrifuge  run.  In  this  particular  example,  tracking 
efficiency  was  calculated  in  percentage  units  based  on  accumulated 
tracking  error  divided  by  the  accumulated  excursion  of  the  target 
display  which  the  pilot  was  monitoring.  Pitch  and  roil  control  in¬ 
puts  were  made  with  a  small  pencil  controller,  and  proficiency 
could  range  on  a  percentage  scale  from  100%  to  -100%,  as  derived 
from  the  division  of  the  actual  control  output  by  the  required  output. 
This  figure  clearly  shows  that  the  tracking  efficiency  took  a  very 
sudden  and  marked  drop  from  nearly  90%  to  approximately  -95% 
near  the  end  of  the  run.  Very  little  physiological  change  is  shown 
except  for  a  slight  change  in  respiration.  This  record  is  one  of  the 
many  instances  which  have  emphasized  the  predictive  value  of  per¬ 
formance  scores  for  medical  monitoring  purposes,  and  it  illus¬ 
trates  the  detrimental  effects  of  high  sustained  acceleration  on 
psychomotor  skill  performance. 

Studies  of  pilot  performance  during  staging  acceleration 
profiles,  such  as  may  be  characteristic  of  certain  two-stage  and 
four-stage  launch  vehicles,  have  suggested  that  at  the  higher  ac¬ 
celeration  levels,  pilots  find  it  extremely  difficult- to  concentrate  on 
all  aspects  of  a  complex  task  while  they  are  exposed  to  high  accel¬ 
eration  leads,  whereas  at  the  lower  acceleration  levels,  they  can 
perform  very  well.  Figure  33  presents  examples  of  this  condition, 
in  which  pilots  performed  exactly  the  same  tasks  statically  and 
dynamically  for  each  of  two  types  of  booster  combinations.  The 
pilot's  task  was  to  perform  the  four  aspects  of  the  task  continuously 
so  as  to  fly  the  vehicle  through  the  orbital  injection  "window".  For 
both  types  of  vehicles,  it  was  found  that  the  pilots  made  significantly 
more  errors  on  the  yaw  quantity  during  dynamic  conditions  than 
during  static  conditions,  but  that  they  were  able  to  maintain  the 
other  three  task  components  very  well  under  both  dynamic  and 
static  conditions.  In  this  particular  study,  the  accelerations  did 
not  exceed  47  Gx  for  either  type  of  vehicle. 


It  Is  Interesting  to  compare  the  performance  of  a  single 
astronaut  who  performs  the  same  task  on  the  centrifuge  both 
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■  tatlcally  and  dynamically.  Figure  34  presents  such  a  comparison. 
The  moat  marked  difference  ta  noted  betwoon  the  atatlc  and  dynamic 
condition  during  which  timoa  the  aatronaut  waa  performing  the  re¬ 
entry  taak.  Some  impairment  of  performance  la  ahown,  and  thla  la 
attributed  to  the  acceleration. 

During  reontry  aimulatlona  of  the  Atlaa  vehicle  on  the 
human  centrifuge,  inadvertent  control  inputa  are  not  uncommon. 
Theae  inadvertent  inputa  often  mirror  the  acceleration  profile  under 
which  a  control  taak  ia  being  performed.  Figure  35  ahowa  an  actual 
record  of  thia,  Illustrating  inadvertent  control  inputa  in  pitch.  Fig¬ 
ure  36  illuatratea  inadvertent  control  Inputa  in  the  roll  and  yaw  axe  a, 
uaing  a  Mercury-type  controller. 

In  addition  to  inadvertent  inputa  which  accompany  accel¬ 
eration,  other  more  general  effects  of  dynamic  conditions  may  be 
observed.  Acceleration  appears  to  generally  reduce  the  sensitivity 
and  timing  of  all  controller  movements.  Figures  37  and  38  are 
sample  portionu  of  the  recorded  static  and  dynamic  performance  of 
the  same  astronaut  taken  within  twenty  minutes  of  each  other. 

Theae  records  serve  to  illustrate  the  general  effects  of  accelera¬ 
tion  upon  the  frequency  and  amplitude  of  control  movements. 

During  exposure  to  high  transverse  accelerations,  the 
effects  of  the  duration  variable  on  pilot  performance  have  been 
demonstrated  recently  in  an  experiment  conducted  on  nine  Aero¬ 
space  Research  Pilot  School  students.  At  15  Gx,  for  example, 
most  of  the  pilots  were  able  to  perform  a  tracking  task  for  approxi¬ 
mately  two  seconds  before  major  performance  decrement  occurred. 
Typical  results,  as  obtained  from  one  pilot,  are  shown  in  Figure 
39,  in  which  major  performance  decrement  is  shown  during  the  last 
half  of  the  15  Gx  run.  In  contrast  with  this,  the  pilot's  performance 
at  10  Gx  for  30  seconds  remained  consistently  good  throughout. 
Similarly,  at  12  Gx,  during  exposures  of  15  seconds,  the  pilots 
typically  showed  major  decrement  beginning  at  the  middle  of  the 
run,  e»g.,  after  approximately  7  1/2  seconds  at  12  G  .  Perform¬ 
ance  during  the  first  half  was  good  eux  the  average.  This  effect; 
generally  attributed  to  fatigue,  is  illustrated  in  Figure  40, fox  two 
pitots  at  12  Gx> 

HIGHER  MENTjvJj  SKILLS 

In  cooperation  with  Rutgers  University,  we  developed  a 
continuous  memory  testing  apparatus  which  could  be  used  on  the 
AMAL  centrifuge.  It  required  the  continuous  and  repetitive 
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Fig.  34  Sample  recordings  of  Astronaut  A’ s  perform¬ 
ance  on  retro-fire  versus  reentry  profiles,  static 
and  dynamic 
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Fig.  35  Recording  of  inadvertant  control  input 
in  the  pitch  axis 
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Fig.  36  Recording  of  simultaneous  inadvertant 
inputs  in  the  roll  and  yaw  axes 
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Fig.  37  Recording  of  sample  performanc 
under  static  conditions 
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Fig.  38  Recording  of  performance  of  the  same 
pilot  under  dynamic  conditions 
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Fig.  39  Sample  recordings  of  piloting  performance  during  exposure 
to  10  and  15  Gx  on  the  human  centrifuge 
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memorisation  of  a  portion  of  a  sequence  of  random  symbols,  As 
erch  symbol  occurred,  the  subject  was  required  to  compare  It  with 
his  memory  of  the  symbol  that  had  been  presented  to  him  two,  throo, 
or  four  presentations  previously.  Now  symbols  appeared  continu¬ 
ously  so  that  the  subject  constantly  had  to  forget  earlier  symbols  as 
he  added  new  ones*  Approximately  50  symbols  were  presented. for 
each or  me  runs,  in  the  earlier  study,  each  run  stayed  at  +5  Gx  for 
five  minutes.  The  data,  collected  on  21  subjects,  indicated  that  the 
subjects  could  continue  to  perform  this  task  just  as  well  during  ex¬ 
posure  to  +5  G  as  they  could  statically.  However,  subjectively,  the 
subjects  reported  that  their  performance  deteriorated  under  G  and 
that  they  generally  regarded  +5  Gx  for  five  minutes  as  a  stressful 
experience.  It  was  interesting  to  note,  however,  that  subjects 
tested  in  the  centrifuge  gondola  did  more  poorly  than  subjects  tested 
in  a  regular  testing  room.  The  implication  seems  to  be  that  some 
apprehension  or  anxiety  may  have  been  acting  to  interfere  with  max¬ 
imum  performance.  The  results  of  this  experiment  are  shown  in 
Figure  41. 

In  a  more  recent  study  conducted  on  the  AMAL  centrifuge, 
we  developed  a  task  which  required  the  subject  to  monitor  two 
small  display  tubes  which  were  located  directly  in  front  of  his  nor¬ 
mal  line  of  vision.  The  left-side  tube  presented  numbers,  and  die 
right-side  tube  presented  plus  and  minus  symbols.  The  task  was  to 
continuously  make  matches  for  these  two  presentations  simultan¬ 
eously  as  the  runs  proceeded  and  to  select  one  of  two  buttons  to 
indicate  whether  both  the  number- and  symbol  which  were  then  ap¬ 
pearing  were  the  same  as  or  different  from  those  which  had  occur¬ 
red  on  a  specified  number  of  trials  previously.  Acceleration  loads 
of  1,  3,  5,  7,  and  9  G's  were  studied.  Each  test  was  2  minutes 
and  18  seconds  long.  The  results  of  the  experiment  suggested  that 
proficiency  in  immediate  memory  was  maintained  at  least  through  5 
transverse  G.  However,  at  +7  and  +9  Gx,  some  impairment  of 
immediate  memory  was  observed.  The  results  of  this  experiment 
are  shown  in  Figure  42. 

EFFECTS  OF  PROLONGED  LOW-G  ACCELERATION 

During  prolongeO  exposure  to  acceleration,  the  continuous 
concentration  necessary  for  performance  is  difficult,  fatiguing  and 
boring.  For  example,  during  an  extended  2  G  centrifuge  run  which 
lasted  24  hours,  the  subject  started  out  with  a  somewhat  detailed 
set  of  procedures  to  follow  in  making  medical  observations  upon 
himself,  recording  his  subjective  comments,  and  writing  and4yplng 
(Hardy,  et  al,  23).  However,  the  subject  found  that  in  spite  of  his 


Chamber*  -  Wray 


:r:-  : 

£r  ' 


Fig*  40  Sample  record- 
inga  of  piloting  perform¬ 
ance  during  exposure  to 
12  Gx  on  the  human 
centrifuge 
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Fig.  41  Mean  percent  correct  for 
static,  5  G,  and  po3t-test  runs,  con¬ 
trol  versus  experimental  groups,  on 
2-back,  3-back,  and  4-back  immediate 
memory  task 


Fig.  42  Successive  quarters  scores  for 
3  G,  5  G,  7  G, and 9  Gx,  showing  perform¬ 
ance  on  immediate  memory  task 
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Initial  high  resolve,  ho  took  napa  and  listened  to  the  radio  and  suf- 
fared  primarily  from  boredom  and  fatlguo.  Aroaa  of  contact  with 
the  chair  In  which  he  waa  aeatod  wore  tha  sources  of  the  groatoat 
localized  dlacomfort.  At  16  houra  elapaed  time,  the  aubject  re¬ 
ported  the  onaet  of  aeathenla  of  the  ring  and  little  finger  and  outor 
edge  of  the  palm  of  the  left-hand,  The  mx bjewfc  fwwf  If  hwpeaetble  *er 
maintain  hia  originally  prescribed  maintenance  and  observation 
schedules. 

Chambers  and  Roas  secured  a  subject  in  a  Mercury-type 
contour  couch  and  required  him  to  perform  the  two- symbol  running 
matching  memory  task  (previously  described)  every  10  minutes  for 
four  and  one-half  hours.  The  subject  waa  able  to  perform  this  task 
throughout  the  entire  period  with  only  minor  performance  impair¬ 
ment.  The  results  of  this  experiment  are  shown  in  Figure  43, 

INTERACTION  EFFECTS 

It  has  been  shown  that  the  human  centrifuge  is  a  useful  tool 
for  measuring  the  interaction  effects  of  several  variables  simul¬ 
taneously.  In  addition  to  both  the  direct  effects  of  acceleration  upon 
human  performance  and  the  leas  obvious  interactions  between  per¬ 
formance  and  acceleration  already  mentioned,  there  is  a  growing 
body  of  information  pertaining  to  the  somewhat  secondary  role  that 
other  flight  conditions  play  in  determining  a  pilot's  performance 
during  acceleration  stress.  For  example,  in  the  early  simulations 
of  proposed  space  vehicles,  several  types  of  right  hand  side-arm 
controllers  were  tested  on  the  AMAL  centrifuge  (Chamber!  "'6). 
Figure  44  presents  a  diagram  of  four  of  these  controllers^  a  three 
axis  balanced  controller  with  all  three  axes  intersecting;  a  three 
axis  controller  (unbalanced)  having  none  of  these  three  intersecting; 
and  a  finger-tip  controller  having  two  intersecting  axes  (and  yaw 
for  toe  pedal  operation);  and  a  two  axis  controller  with  axes  which 
do  not  intersect  (coupled  with  toe  pedals  for  yaw  control). 

In  Figure  45  the  effects  of  two  specific  acceleration 
fields  upon  pilot  performance  during  the  pitch  and  roll  maneuvers 
involved  in  a  tracking  -task  are  shown  for  each  of  the  four  typos,  of 
controllers.  When  the  pilots  performed  in  one  acceleration  field, 
their  error  performance  on  all  four  controllers  was  essentially  the 
same.  However,  when  these  same  pilots  flew  the  samo  problem 
under  a  different  acceleration  performance  on  Type  II  controller 
deteriorated  while  performance  on  the  other  two  remained  essen¬ 
tially  the  same.  A  similar  change  In  O  field  resulted  In  another o - 
ment  in  error  for  Types  11  and  III  controllers  and  reduction  In  error 
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Fig.  43  Mean  number  correct  a*  a 
function  of  successive)  four-series 
blocks  for  1-back  and  2-back  im¬ 
mediate  memory  task  responses 
during  n4-L/2.bour  centrifuge  run 
at  +  2  Gx 
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Fig. 44  Controllers  of  various  types  -  3-  ; 

axis  balanced,  3-axis  unbalanced,  2-axis  | 
finger  tip,  and  2-axis  hand  control 


Fig.  45  Performance  error  in  various 
acceleration  fields  as  a  functidn  of  the  type 
controller,  used 
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for  Typo  IV,  resulting  In  a  shift  In  rank  order  of  tho  controllers, 

Tho  differential  offocti  upon  performance  inducud  by  dlfforont  typo* 
of  acceleration  on  controller!  are  shown  In  Figure  46,  Hero  tho 
mean  tracking  proficiency  score  for  the  tost  pilots  who  performed 
the  same  tracking  tasks  using  each  of  tho  four  different  types  of 
side-arm  controllers  within,  given  acceleration.  fields  and  under 
varying  amounts  of  crois  coupling  and  damping  are  shown.  This  l 

figure  shows  not  only  che  effect  of  using  different  specific  G  fields 
on  particular  tracking  tasks,  but  also  Illustrates  the  effects  of  f 

damping  and  cross  coupling  when  tho  effects  of  acceleration  are  f 

held  constant,  f 


A  similar  type  of  result  may  be  shown  which  resulted  from  J 

some  of  the  Mercury  astronaut  training  programs  on  the  AMAL 
centrifuge.  In  some  of  these  simulations  it  was  observed  that  the  I 

tendency  to  use  less  discrete,  more  frequent  control  inputs  under  i 

dynamic  conditions  was  associated  with  an  overall  increase  in  fuel  5 

utilization.  A  most  important  aspect  of  this  relationship  depends  | 

upon  the  fact  that  differential  rates  of  fuel  usage  were  observed 
even  when  no  significant  differences  in  adequacy  of  control  as  | 

measured  by  integrated  attitude  error  were  present.  As  previously  | 

indicated,  pilot  ability  to  damp  the  reentry  oscillations  in  pitch  and  1 

yaw  was  reduced  under  dynamic  simulation.  In  contrast,  control  f 

capability  in  the  roll  axis  was  not  significantly  affected  by  dynamic  J 

reentry  accelerations.  Therefore,  roll  control  during  reentry  can 
be  used  to  illustrate  this  dynamic  effect  under  conditions  of  equiva-  j 

lent  error.  Figure  47  illustrates  not  only  tho  cor relation'he tween 
incurred  roll  rate  error  and  compensatory  fuel  usage,  bat  also  that  j 

fuel  utilization  was  approximately  33%  greater  under  dynamic  than 
under  static  conditions,  though  integrated  error  was  of  the  same 
approximate  magnitude  under  both  conditions.  Data  of  this  nature 
emphasize  the  advisability  of  obtaining  both  dynamic  and  static  per-  J 

formance  before  placing  estimated  values  upon  such  design  para¬ 
meters  as  required  fuel  reserves. 


Another  example  of  interaction  effects  regarding  pilot  per¬ 
formance  is  shown  in  Figure  48,  As  may  be  seen  i;  thlsJflguxe,  the 
hard  suit  (5  psi  differential  pressure)  conditions  resulted^in  a  reduc¬ 
tion  in  relative  piloting  performance  as  measured  by  the  percentage 


of  reentry  simulations  in  which  capsule  oscillations  were  success¬ 
fully  damped  during  static  simulation  of  the  reentry  control  task, 
but  appeared  to  assist  performance  under  dynamic  conditions.  The 
performance  values  presented  in  this  figure  are  not  absolute  but 
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Fig.  46  Mean  tracking  score  for 
3-axis  balanced,  3-axis  unbalanced, 
and  2-axis  finger  and  2-axis  hand 
controllers 
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the  reentry  profile,  aa  a  base -lino  re fo rent.  The  additional  fore¬ 
arm  support  provided  by  the  pressurized  suit  appeared  to  reduce  the 
frequency  and/or  magnitude  of  tho  previously  described  inadvertent 
Inputs  which  accompanied  dynamic  simulation.  As  the  tendency  to 
Insert  such  inputs  was  reduced  through  practice,  the  stabilization 
provided  by  the  inflated  suit  appeared,  to  become  less  and  loss  of  an 
advantage  and  the  interaction  between  suit  and  run  conditions  was 
markedly  less  during  the  latter  stages  of  training.  Verbal  reports 
obtained  toward  the  end  of  the  training  program  Indicated  that  the 
pilots  considered  suit-hard  conditions  more  uncomfortable  and  per¬ 
haps  even  less  effective, 

PERSONALITY,  MOTIVATION,  AND  EMOTIONAL  BEHAVIOR 

The  effects  of  acceleration  on  personality,  emotional  be¬ 
havior,  and  motivation  cannot  be  measured  as  easily  as  the  more 
quantitative  performance  aspects  which  have  been,  presented  in 
earlier  sections  of  this  report.  Most  of  the  observations  to  date  are 
based  on  the  verbal  comments  of  subjects  during  acceleration  expo¬ 
sures,  debriefing  sessions,  films,  television,  the  results  of  inter¬ 
views  and  questionnaires,  and  physiological  measures  taken  during 
the  acceleration  stress.  It  is  difficult  to  delineate  the  personality, 
emotional,  and  motivational  aspects  because  of:  (1)  large  individual 
differences,  (2)  lack  of  quantitative  measures  which  maybe  admini¬ 
stered  during  the  run,  and  (3)  the  necessary  priority  physical 
safety  exerts,  (making  difficult  the  administration  of  the  currently 
available  psychological  instruments).  It  is  a  common  observation 
in  acceleration  laboratories,  however,  that  both  the  anticipation  and 
occurrence  of  acceleration  forces  contribute  to  anxiety  and  other 
types  of  motivational  behavior. 

At  AMAL,  the  Mercury  Astronauts  and  other  volunteer 
subjects  have  been  exposed  to  as  much  as  8  hours  confinement  in 
the  centrifuge,  under  conditions  in  which  various  acceleration 
stresses  were  imposed.  In  these  studies,  the  astronauts  were  con¬ 
fined  within  their  pressure  suits,  strapped  in  their  contour  couches, 
placed  within  the  closed  gondola  of  the  centrifuge,  and  psosented 
with  realistic  pre-flight  tasks,  monitoring  requirements and  com¬ 
munications.  After  one  or  two  hours  pre-launch  wait,  they  went 
through  accelerations  expected  on  the  Atlas  rocket,  and  spent  ap¬ 
proximately  4  1/2  hours  in  simulated  orbit.  This  was  followed  by 
reentry  accelerations  and  egress.  In  soma  of  those  studios,  the 
launch  and  reentry  acceleration  profilos  were  simulated  success¬ 
ively  within  a  single  all-day  session.  Whereas  oxtonslveparaon- 
ality,  biochemical,  performance,  and  physiological  tests  have  boon 
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conducted,  the  results  In  general  have  not  ahown  any  significant 
long-term  paraonallty  or  emotional  offocta,  In  moat  instances,  It 
waa  not  poaalblo  to  make  quantitative  moaauroa  o £  puraonality,  emo¬ 
tional  behavior,  or  motivation  immediately  before,  during,  or  aftor 
thoao  centrifuge  exposuroa  becauao  of  the  extensive  number  of  other 
engineering  and  physiological  teata  which  woro  required  and  alao, 
there  are  no  good  quantitative  mearirr «ra  of  personality.  *  Hoi rerrerr-, 
pllota  and  astronauta  have  frequently  reported  that  variable  a  other 
than  the  acceleration  Itaelf  were  more  stressful,  Preaaure  points, 
muscle  crampa  and  palna  due  to  the  pilot's  restraint  system,  un¬ 
comfortable  temperature,  failure  of  the  urinary  bag,  discomfort  due 
to  the  biomedical  aenaora  or  special  flight  gear,  and  long-term  delay 
in  planned  testing  due  to  equipment  malfunction,  have  created  ex¬ 
tremely  aggravating  and  sometimes  emotionally  disturbing  conditions. 

All  available  data  to  date  seem  to  indicate  that  nearly  all  of 
the  emotional,  personality,  and  motivational  aspects  are  highly  sus¬ 
ceptible  to  training  and  experience.  It  appears  that  the  well-trained 
subject  la  capable  of  compensating  for  and  overcoming  many  psycho¬ 
logical  problems  which  he  may  encounter  before,  during  or  follow¬ 
ing  high-G  acceleration  exposures,  whether  they  be  on  a  centrifuge, 
a  rocket  aled  or  in  a  spacecraft. 

SUMMARY 

This  paper  has  reviewed  some  of  the  major  effects  of  long¬ 
term  acceleration  on  human  performance  and  physiology,  and  has 
presented  some  of  the  results  of  recent  centrifuge  simulation 
studies  of  manned  apace  flights  and  proposed  spacecraft'^'  'The 
paper  has  been  primarily  concerned  with  the  results  and  studies  con¬ 
ducted  on  the  AMAL  Human  Centrifuge  In  support  of  NASA  and  USAF 
space  projects,  and  acknowledgment  is  made  of  the  contributions  of 
the  many  pilots,  astronauts,  scientists,  and  engineers  who  partici¬ 
pated  in  these  projects.  Physiological  tolerance  to  +GX,  +GZ,  -Gx, 
and  -Gz  acceleration  vectors  are  discussed,  and  it  is  pointed  out 
that  in  addition  to  physiological  tolerance  limits,  there  are  also  per¬ 
formance  tolerance  limits  which  define  the  reliable  functioning  of 
any  particular  overt  behavior 'ays  tern  during  acceleration.-  Major 
concepts  in  protection  are  discussed,  recent  work  on-contour  couch¬ 
es  studied  on  the  AMAL  centrifuge  ia  reviewed,  and  a  newly  develop¬ 
ed  universal  contour  couch  is  described.  Some  of  the  basic  prin¬ 
ciples  of  centrifuge  simulation  of  several  types  of  space  vehicles 
are  outlined,  and  tho  use  of  tho  AMAL  centrifuge  in  astronaut  train¬ 
ing  la  reviewed.  The  remainder  of  the  paper  is  concornod  with  tho 
effects  of  various  acceleration  profiles  on  visual  portdFmdnce, 
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raaponse  time,  complox  psychomotor  a  kill  performance,  amt  hlghor 
montal  functioning*  Following  a  dlacuaalon  on  tho  effect*  of  pro¬ 
longed  low-G  acceleration  expoaure,  aome  of  the  effecta  of  com- 
blnatlona  of  variablea  auch  aa  acceleration,  preaaure  auit  condi¬ 
tion*,  and  type  of  aide  arm  controller*  are  reviewed*  Some  of  the 
nroblem*  in  measuring  the  effecta  of  acceleration  on  personality, 
motivation,  and  emotional  behavior  are  outlined,  and  the  reeeepti- 
biiity  of  these  factor*  to  training  and  exporter  e  are  emphasized. 

Zt  ia  concluded  that  there  are  major  deficit*  in  our  knowledge  con¬ 
cerning  the  effects  of  complex  acceleration  profile*  which  are  com¬ 
bined  with  other  stresa  conditions  encountered  during  flight. 
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RESEARCH  IN  LIFE  SUPPORT  STSTHiS  FOR  AIRBORNE  AND  SPACE  VEHICLES 


Roland  A,  Bosee 
Captain,  KSC,  USE' 

Air  Crew  Equipment  Laboratory 
Naval  Air  Engineering  Center 
Philadelphia  12,  Pa. 


Optimal  systems  design  in  advanced  aeronautics  and  astro¬ 
nautics  demands  the  application  of  advanced  technologies  in  many  re¬ 
search  areas.  In  some  of  these  areas,  the  formulation  of  the  pro¬ 
blems  requiring  solution  constitutes  the  primary  problem.  The  iden¬ 
tification  and  quantification  of  all  the  hazards  threatening  survi¬ 
val,  safety,  efficient  perfon.ar.ee,  ami  comfjrt  are  not  always  pos¬ 
sible  until  we  have  extended  the  bounds  of  existing  knowledge.  Em¬ 
pirical  pioneering  may  be  required.  Two  sets  of  mutually  limiting 
variables  must  be  determine,  the  physical,  and  the  biological.  They 
must  then  be  synthesized  th  ough  concurrent  test,  engineering  develop¬ 
ment,  and  further  research.  Only  in  this  way  can  inescapable  envir¬ 
onmental  conditions  be  re-shaped  for  human  tolerance,  or  at  least 
toward  that  goal.  This  is  the  basic  principle  of  our  life  support 
effort.  •  • 


There  is  an  important  corollary  to  this  principle.  The 
problems  must  be  formulated  and  the  work  must  be  planned,  conducted 
and  evaluated  effectively.  This  requires  workers  who  are  able,  will¬ 
ing  and  eager  to  digest  new  scientific  information  as  an  extension 
of  existing  knowledge.  Should  any  serious  lapse  occur  throughout  the 
chain  of  necessary  processes,  an  irretrievable  and  perhaps  irrepar¬ 
able  loss  might  result.  And  let  me  emphasize  that,  just  as  the  best 
of  advanced  instrumentation  often  fails  to  yield  what  it  should  be¬ 
cause  of  something  like  an  unplugged  cable,  so  may  the  -moat  elaborate 
and  costly  afforts  lead  to  confusion  through  the  neglect  of  some 
simple  detail.  Ever  since  its  establishment  our  Laboratory  has  ex¬ 
perienced  the  need  for  preciseness  in  small  things  a3  well  as  in 
large  ones.  Nowadays  that  aviation  medicine  and  space  medicine  must 
soar  higher  and  faster  than  ever  before  to  keep  up  with  operational 
needs,  scientific  vigilance  in  our  work  has  to  be  extended  and 
intensified. 
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Zt  is  from  tho  otatod  perspectives  that  several  short  opi- 
oodoa  In  tho  rooonb  or  current  investigations  at  tha  Air  Crow  Equip¬ 
ment  Laboratory  (AC12L)  havo  boon  oolootod  for  preaontation  at  this 
Navy  Scionce  Symposium*  They  concern  human  engineering,  altitude 
tolerance,  atalectaois,  and  negative  impact*  In  the  ahort  time  avail¬ 
able,  I  shall  omphasiaa  the  broader  conclusions  derived  from  these 
example a*  as  they  relate  to  difficulties  or  impending  hazards, in 
manned  aircraft  and  apace  vehiclea*  The  technical  details  have  been 
omitted  almost  entirely,  but  I  shall  be  happy  to  describe  and  discuss 
them  later. 

The  first  example  deals  with  environmental  protection.  Ex¬ 
cessive  heat  loads  may  be  encountered  for  appreciable  periods  of  time 
in  high  performance  aircraft  and  spacecraft.  A  minimum  of  body  cloth¬ 
ing  la  therefore  desired.  However,  the  mission  to  be  accomplished  or 
some  in-flight  emergency  may  require  the  occasional  use  of  a  pressure 
suit.  In  order  that  the  weight  and  volume  of  the  vehicle  be  reduced 
as  much  as  possible,  we  have  been  measuring  the  smallest  geometric 
configuration  in  which  a  pressure  suit  can  be  donned  and  doffed.  The 
tests  are  being  run  in  cur  flexible  cockpit  simulator,  shown  in  fig.l. 
The  device  consists  essentially  of  a  set  of  small,  transparent  planes, 
each  one  adjustable  in  both  position  and  angle.  While  the  subject 
goes  through  all  the  necessary  motions  with  the  suit,  the  dynamic 
spatial  envelope  is  photographed  against  background  grid  lines  in 
each  of  the  three  dimensions  through  fixed  television  cameras.  With 
this  system  we  can  use  a  single  focus  for  each  camera  and  adjust  the 
sizes  of  the  three  simultaneous  images  to  a  common  scale  electroni¬ 
cally.  The  use  of  subjects  of  different  percentile  body  dimensions, 
combined  with  the  cranking  of  selected  limitations  to  movemenfittto 
the  device  permits  a  rational  empirical  analysis  of  the  problem.  The 
second  figure  is  a  view  of  the  subject  tying  his  boot  laces.  Ah~acute 
end-point  in  these  tests  is  the  time  taken  to  get  into  the  suitr  or 
the  time  to  get  out  of  it,  without  assistance.  Another  set  of  cri¬ 
teria  has  to  do  with  the  effort  required.  This  is  estimated  in  terms 
of  measured  changes  of  sweat  rate,  body  temperature,  and  pulse  rate. 
While  the  results  of  this  small  problem  in  human  engineering  may 
appear  to  border  on  tha  trivial r  tha  study  has  demanded  considerable 
ingenuity  for  the  proper  control  of  artifacts*  The  important  outcome 
is  that  the  method  developed  holds  a  promise  of  better  streamlining 
in  future  cockpits. 

. . Another. or. our.  familiar  old  problems, arose  with  reepset  to 

aeroembolism  and  projected' Apollo  missions.  The  question  was  how' to 
minimize  the  incidence  and  the  severity  or  bends  if  ascent  should- 
require  a  stay  of  three  hours  or  longer  at  a  35,000  foot  altitude. 
Teats  were  run  on  12  subjects  in  one  of  our  low  pressure  chambers. 

The  subjects  represented  a  broad  cross-section  of  body  types  among 
Naval  personnel*  A  relatively  small  but  very  closely  controlled 
series  of  ascents  yielded  the  following  throe  alternative  recommen¬ 
dations)  (1)  that  Apollo  astronauts  should  pre-breaths  10(# -oxygen 
at  ground  level  for  3  hours  or  longer  before  tha  launch  or  (2)  that 
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Fig.  1.  Subject  in 
Variform  Capsule 


Fig.  2.  Tying  Shoe 
Laces 
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they  breathe  50 %  oxygen  at  18,000  feet  for  18  houro  or  longer  boforo 
oacont  to  tho  35,000  foot  altitude  or  (3)  that  100^  oxygon  bo  unod  on 
the  ground  for  at  least  2  houro  before  take-off,  followed  by  50 i 
oxygon  for  at  loaat  12  houro  at  18,000  foet.  Thoso  are  conoorvativo 
sounding  recommendations,  as  they  aro  indoed  intendod  to  bo.  Our 
chamber  results-  were  very  oAnvAnMpfl  evidence, 

that  our  subjects  were  more  susceptible  to  aeroembolism  than  most  of 
the  other  groups  reported  in  the  literature.  Within  our  small  group 
there  were  relatively  wide  divergences  in  age,  adiposity,  flying  ex¬ 
perience,  chamber  experience,  and  joint-sensitiveness  occasioned  by 
prior  injury.  Nevertheless,  they  were  a  highly-motivated  group,  and 
the  deviations  in  their  subjective  reactions  under  graded  environ¬ 
mental  test  and  dummy  conditions  in  the  altitude  chamber  were  strik¬ 
ingly  uniform.  These  circumstances  argue  for  the  validity  of  our 
experimental  conclusions  and  for  their  probable  relevance  in  the 
Apollo  application.  The  bends-susceptibility  of  our  men  should  pro¬ 
vide  an  operational  factor  of  safety  for  astronauts.  At  the  same 
time,  this  factor  of  safety  appears  realistic  and  not  unreasonably 
conservative.  Furthermore,  the  recommended  alternatives  of  pre¬ 
oxygenation  constitute  a  sliding  schedule  from  which  the  least  inter¬ 
ference  with  operational  needs  and  possibilities  may  be  selected. 

A  third  problem  in  which  we  were  involved  was  to  check  the 
likelihood  that  the  combined  stresses  of  launch  acceleration,  100£ 
oxygen  in  the  ambient  environment,  and  re-entry  acceleration  might 
cause  atalectasis  during  projected  Gemini  missions.  This  required 
weeks- and  weeks  of  round-the-clock  efforts  and  widely  coordinated 
support  in  different  establishments.  The  subjects  were  8  Navy  and 
Karine^ Corps  astronaut -selectees.  Two  were  used  as  experimental 
controls ,and_ as  stand-bys  in  case  of  emergency  need,  and  6  were  sche¬ 
duled  for  the  following"  experimental  sequences  (1)  a  10-day  period 
of  isolation  in  our  B0Q  while  undergoing  intensive  batteries  of  pre¬ 
paratory  medical  examinations  and  psychomotor  performance  testing. 

On  the  last  three  days,  the  subjects  were  fed  only  a  specified  pow¬ 
dered  diet.  (2)  On  successive  days,  each  of  the  6  men  was  treated 
as  follows:  preparation  for  SWJ  and  respiration  monitoring,  followed 
by  attirement  in  a  pressure  suit,  encasement  in  a  portable  altitudo 
chamber  simulating  a  Gemini  capsule,  and  4  hours  of  100^  oxygen 
breathing.  Pure  oxygen  wa3  the  only  gas  supplied  for  breathing  from 
this  time  to  the  end  of  the  test.  During  this  stage,  tho  subject 
was  transported  in  a  specially  fitted  van  to  the  Naval  Air  Develop¬ 
ment-Center,.  at  Johnavillo.  Kedical  monitoring  was  continued  during 
the  trip,  (3)  Aftor  attachment  to  tho  arm  of  the  human  centrifuge 
in  AKAL,  the  capsule  was  evacuated  to  a  27,000  foot  equivalent  alti¬ 
tude,  Our  colleagues  at  AKAL  monitored  the  subject's  condition  and 
ho  then  underwent  two  pulcus  of  acceleration  at  7G  levels,  simulating 
tho  first  and  second  stages  of  launch,  Figuro  3  represents  tho  se¬ 
quence  of  events,  (4)  He  was  then  returned,  still  inside  the  capsule, 
to  ACIit,  by  moans  of  oranes,  hoists,  and  the  van.  (5)  Tho  *ntry  port 
of  tho  cupaulo  was  attached  to  the  door  of  our  Bio-Astronautic  Tost 
Facility  by  a  hormotie  soal  and  pressures  wore  oqualized,  Tho 
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oubjoot  entered  bho  chamber  in  which  ho  wa a  to  livo  for  tho  noxb  14 
days  and  to  simulate  orbit  lifo,  and  removed  hia  pressure  suit,  (6)Tho 
proceuro  in  the  chamber  was  kept  at  5  poia,  and  oxygen  was  bled  in  at 
a  rate  sufficient  to  keep  the  nitrogen  concentration  down.  In  addi¬ 
tion  to  tho  daily  routine  of  examinations  and  performance  testa  esta¬ 
blished  previously  in  the  BO'},  each  aubjoct  now  roceivod  chost  x-rays 
inside  the  chamber  every  third  day.  ttry  oonoltraiorrof  tmr  14- 

day  exposures,  the  sub J ects  were  again  instrumented  for  recording, 
re-paekaged  into  the  pressure  suit  and  mobile  capsule,  and  returnod  to 
the  centrifuge  as  before.  This  timo  the  stress  was  a  simulated  re¬ 
entry  acceleration  of  11G.  (8}  A  three-day  period  of  post-run  testing 
concluded  the  schedule.  Throughput  the  planning  and  conduct  of  these 
tests,  we  also  received  fine  cooperation  from  specialists  at  the 
Philadelphia  Naval  Hospital  and  at  the  Hospital  of  the  University  of 
Pennsylvania. 

Three  of  the  men  had  been  run  through  the  entire  experimen¬ 
tal  routine,  when  a  chamber  fire  made  it  necessary  to  get  the  other 
three  out  in  a  hurry,  and  thus  prevented  further  continuation.  How¬ 
ever,  the  results  of  the  exposures  to  the  combined  stresses  of  oxygen 
and  acceleration  in  these  tests  can  be  stated  with  considerable  assur¬ 
ance.  No  untoward  effects  could  be  ascribed  to  the  acceleration  alone. 
During  simulated  orbit-life  in  the  low  pressure  chamber,  the  only 
undesirable  symptom  observed  by  all  six  subjects  was  mild  chest  dis¬ 
comfort  which  developed  after  the  first  or  second  day,  and  then 
tended  to  subside.  Neither  the  tests  nor  x-ray  photographs  during 
the  run,  nor  subsequent  tests  of  lung  compliance  by  Dr.  Arthur  B. 

DuBois  at  the  University  Hospital,  indicated  the  occurrence -of -any 
organic  or  persistent  functional  pulmonary  derangement.  Slight  red¬ 
uctions  in  peripheral  visual  fields  and  in  dark  adaptation  -seemed  to 
develop  in  some  of  the  subjects  and  in  the  medical  of ficer  who  accom¬ 
panied  them  during  the  chamber  confinement.  However,  the  quantitative 
assessment  of  the  observations  is  incomplete  because  of  inescapable 
differences  in  the  visual  test  conditions  inside  and  outside  the 
chamber.  The  medical  observer  entered  the  chamber  with  mild  naso¬ 
pharyngitis.  He  soon  had  a  violent  bilateral  serous  otitis  but  did 
manage  to  control  it  and  hold  out  for  the  entire  duration  of  the  run. 
Two  of  the  subjects  also  developed  serous  otitis  early  during  the 
run,  but  they  recovered  rapidly  and  without  further  incident.  It  has 
therefore,  been  concluded  that  the  proposed  Gemini  acceleration  pro¬ 
file  and  breathing  schedule  is  not  likely  to  cause  atalectasis. 

A  fourth  investigation  which  I  should  like  to  describe, 
dealt  with  negative  impact  tolerance  under  conditions  that  had  been 
proposed  for  manned  Apollo  flights.  Tho  problem  was  to  determine 
whether  seated  subjects  could  bo  exposed  safely  to  downward  impacts 
at  accelerations  ranging  up  to  20G  and  at  rates  of  acceleration  in¬ 
crease  up  to  2500  G/soc«  The  goneral  plan  was  to  seat  a  so-called 
anthropomorphic  dummy  on  its  back  on  our  horizontal  accelerator,, 
attach  it  with  lap  and  ohouldur  harnesses,  and  then  apply  a  'mild* 
Impulsive  force  from  tho  direction  of  tho  hoad,  to  propel  tho  sled 
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and  dummy  away  foot  i’irot.  If  high  opood  motion  pioturoo  and  acool- 
oration  recordings  offorod  no  contra-indicationa,  wo  worn  thon  to 
ejq>oso  human  volunteers  to  this  somo  mild  itiipact  und  thon  proceed 
slowly  to  progressively  higher  G  loadings.  Unfortunatoly,  the  results 
had  boon  noeded  prior  to  tho  work  assignment,  which  introduced  an 
undosirablo  undercurrent  of  hastiness,  in  fooling,  if  not  in  fact. 
Also,  it  had  oeeh  assumed  by  the  requesting  agency  that  exact  dotalls 
about  body  attitude,  oupport  and  restraint,  or  about  limitations  to 
these  conditions,  need  not  be  considered  very  precisely  at  the  start. 
In  working  toward  20  nogative  Q  at  2500  G/sec,  this  assumption  can¬ 
not  be  maintained.  So  far  as  human  tolerance  is  concerned,  this  is  a 
largely  unknown  and  perilous  zone  in  the  G-vorsus-timc  function.  The 
skeletal  structures  of  the  spine  have  been  supposed  to  be  most  sus¬ 
ceptible  to  injury,  since  longitudinal  accelerations  of  20  to  over  40 
G  may  be  anticipated  in  the  subject.  But  the  effects  of  the  trans¬ 
mitted  and  rebouuding  impact  forces  upon  soft  tissues  within  the  head, 
chest  and  abdomen  nay  conceivably  cause  still  more  series  injury 
than,  say,  a  broken  bone.  You  may  recall  an  old  account  in  the  BUKED 
NEWS  LETTER  about  some  swing  impact  tests  carried  out  in  Germany  by 
Henschke,  in  which  10  G  transmitted  to  the  base  of  the  skull  appeared 
to  be  the  threshold  for  human  concussion,  to  mention  only  one  of  the 
warning  notices  in  the  available  literature. 

Nevertheless,  we  proceeded  rapidly.  The  tests  were  con¬ 
ducted  by  a  very  competent  engineering  team,  and  him  an  exposures 
took  place  only  under  the  close  surveillance  and  direction  of  a 
flight  surgeon.  The  criteria  for  evaluating  tolerance  included  in¬ 
strumented-  physical-  determinations  and  photography,  bic-logical  re¬ 
cordings,  medical  examinations  and  radiographs  before  and  after  each 
run,  as  well  as  subjective  reports.  From  the  very  start  of  the  im¬ 
pact  exposures,  s  succession  of  new  hazards  had  to  be  skirted  by 
experimental  redesign.  The  system  for  transferring  power  from,  the 
ram  to  the  sled  had  to  be  modified  to  maintain  the  desired-  shape  of 
the  acceleration  pattern  as  loading  was  raised  from  the  lower  to  the 
higher  G  levels.  The  subject's  head  had  to  be  encased  in  a  helmet 
and  tied  down  to  his  torso  to  keep  it  from  whipping  up  and  down.  The 
seat  angle  between  tho  thighs  and  the  back  had  to  be  changed  from 
slightly  obtuse,  to  rectangular  or  slightly  acute.  Harness  had  to  be 
widened,  placed  on  additional  locations  on  the  body,  and  attached 
from  more  effective  points  of  restrsint  on  the  seat.  Skillful  instru¬ 
mentation  had  to  become  even  more  highly  sophisticated .^JLt  present 
we  have  reached  a  stage  in  the  neighborhood  of  15  G  application,  and 
are  trying  to -gather  together-the  threads  for  the  remaining  pull. 

The  violent  stroke  of  the  ram  is  ovor  in  les3  than  100  milliseconds, 
and  the  rocoil  is  brutal.  The  next  figure  4.  may  give  you  soir.o  idea 
of  how  a  subject  appeared  to  bo  getting  pulled  apart  and  immediately 
squashed  together  in  one  of  tho  tosto.  This  ono  was  with  only  10  G 
at  1140  G/soo.  In  this  particular  run,  wo  obtained  an  x-ray  picture 
of  tho  thoracolumbar  spino  at  tho  timo  of  poak  0,  something  that  is 
very  difficult  and  perhaps  unique  in  impaot  tosto.  Fortunatoly,  wo 
had  vory  able  cooporation  from  tho  Fhiladolphln  Naval  Hospital  in 
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Fig.  4.  Subject  Undergoing  10G  Impact  at  1 140  G/Sec. 


Fig.  5.  X-ray  of  Thorocolumbar  Spine, 
10G  Impact  at  1140  G/Suc. 
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securing  this  rooult,  It  la  shown  in  figure  5.  lou  can  boo  that  wo 
havo  cortalnly  made  progress.  But  tho  opltoir.o  of  what  wo  havo  accom¬ 
plished  in  this  tack  to  date  is  that  wo  havo  loarnnd  how  to  go  about 
preparing  to  ontor  tho  danger  zone  ahead  of  us. 

Theoa  four  examples  of  our  work  havo  neglected  much  of  tho 
diversity  among  our  assigned  casks-.  As  ycarrajriorowy  our  prim  romr- 
tion  is  that  of  a  hardware  laboratory  for  the  Bureau  of  Naval  Weapons. 
There  is  nothing  in  the  line  of  personal  safety  and  protective  equip¬ 
ment  in  naval  aviation  that  does  not  enter  our  portals  at  some  point. 
There  ore  quite  a  few  such  items  that  were  conceived,  developed  and 
perfected  in  our  laboratory.  Needless  to  say,  very  few  of  these  con¬ 
tributions  would  have  been  possible  if  we  had  depended  upon  only  our 
internal  resources.  We  have  carried  on  continual,  many-3ided  colla¬ 
borative  exchanges  of  information  and  of  services  with  other  Federal 
and  Defense  Establishment  activities,  with  industrial  and  technical 
specialists  and  organizations,  and  with  the  general  scientific  com¬ 
munity.  We  therefore,  regard  ourselves  less  as  mere  customers  for 
advanced  technology  than  as  one  of  the  pioneering  members  of  the  Navy’s 
own  technological  team. 


ELASTIC  AND  PLASTIC  BEHAVIOR  IN  THE  FINITE  DEFORMATION 
OF  METALS  BY  IMPACT  AND  EXPLOSIVE  LOADING 


Marvin  E.  Backman 
U.  S.  Naval  Ordnance  Test  Station 
China  Lake,  California 


INTRODUCTION 

Many  problems  connected  with  the  operation  and  effectiveness 
of  weapons  require  information  on  the  behavior  of  metals  when  subjected 
to  Intense  loading  at  extremely  rapid  rates.  Two  examples  are  (l)  the 
cratering  of  target  from  the  impact  by  a  projectile,  a  fundamental 
problem  in  terminal  ballistics,  and  (2)  the  response  of  a  metal  to  the 
detonation  of  an  explosive  in  contact  with  it,  a  fundamental  problem  in 
warhead  technology.  In  both  cases  the  stresses  may  be  of  the  order  of 
100  kilobars  or  better  and  large  strains  are  one  of  the  most  outstand¬ 
ing  characteristics.  The  present  paper  describes  an  application  of 
dynamic  theories  of  elasticity  and  plasticity  for  determining  material 
behavior  under  these  conditions. 

Consider  a  specific  example .  Figure  1  shows  the  section  of  a 
crater  formed  by  the  impact  of  cylindrical  steel  projectile  against  a 
thick  aluminum  alloy  target  at  a  velocity  of  1,200  meters/sec.  It  is 
estimated  that  the  stresses  developed  during  the  formation  of  this 
crater  may  have  been  as  high  as  200  kilobars.  The  sectioned  crater  has 
been  polished  and  metallurgically  etched  so  that  the  internal  deforma¬ 
tions  are  revealed  by  the  distortions  of  the  "rolling  texture . "  It  can 
be  seen  that  material  has  deformed  extensively  especially  near  the 
crater.  The  square  I  for  example  represents  the  estimated  location  and 
shape  of  an  element  of  the  target  plate  before  the  impact.  -That-.,  same 
element  is  now  located  and  shaped  as  is  shown  by  the  parallelogram  II. 
This  element  has  been  flattened  in  one  direction  by  30$  and" elongated 
in  another  direction  by  30$.  It  has  also  been  rotated  by  20°  and  its 
sides  have  been  sheared  through  25° . 

Perhaps  the  most  important  feature  of  the  crater  shown  in 
Fig.  1  is  vuftt  where  is  no  evidence  of  Internal  changes  other  than  the 
large  mechanical  deformations.  If  there  had  been  extensive  melting, 
for  example,  the  size  of  the  grains  would  be  changed  and  the  orien¬ 
tation  of  the  grains  would  be  random  with  respect  to  the  distorted 
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'  FIG.  1.  The  Crater  Produced.  By  The  Impact  OF-A-- 
Plat-Ended  Cylindrical  Projectile  Against  A, Thick 
Aluminum  Alloy  Plate. 
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boundary  ahapo.  Studios  have  boon  mod*  in  load  In  vhlch  the  onorgy  of 
the  impact  waa  sufficient  to  cauao  the  melting  and  those  indications  of 
melting  were  in  fact  obaervod.  Thus,  the  lntomal  structure  shown  In 
Fig.  1  suggests  that  the  deformation  of  t,ho  matorlal  is  the  main  physi¬ 
cal  condition  needed  to  account  for  material  behavior;  however,  any 
analysis  of  such  states  of  deformation  must  tako  into  account  the 
finite  sizes  of  the  deformations.,  and.  the.  largo.,  streaaea^.  The,  nresont.. 
work  is  an  attempt  to  describe  material  behavior  with  this  objective . 

The  assumption  Is  made  that  for  Impact  or  explosive  loading 
It  is  possible  to  define  quantitative  measures  of  distinct  elastic  and 
plastic  strains  and  that  the  analysis  of  these  deformations  Is  suffi¬ 
cient  as  a  basis  for  a  theory  of  material  behavior.  It  is  further  pro¬ 
posed  to  carry  out  the  analysis  of  the  deformations  by  modifications  of 
the  methods  used  for  small  strains  and  at  conventional  rates  of  load¬ 
ing.  The  principle  tasks  In  the  modifications  ore  to  take  into  account 
the  finite  size  of  the  strains  and  the  extremely  rapid  development  of 
the  strains  and  the  stresses. 

Considerable  work  has  been  done  on  impact  and  explosive  load¬ 
ing  vhlch  does  In  fact  take  Into  account  the  finite  nature  of  the 
deformations  and  which  explicitely  postulates  a  nonlinear  relation 
between  the  stresses  and  the  strains  (Ref.  1-5),  but  these  have  been 
based  on  the  conclusion  that  the  stresses  consist  of  a  relatively  small 
elastic  part  plus  a  larger  hydrostatic  part.  The  small  elastic  part  is 
then  treated  by  linear  elasticity  and  the  hydrostatic  part  by  the  non¬ 
linear  techniques  of  fluid  mechanics.  The  present  approach  does  not 
necessarily  disagree  with  this  conclusion  but  it  is  the  intention  to 
-investigate  how  this,  or  an  equivalent  conclusion  comes  about  from  the 
explicit  introduction  of  theories  of  plastic  strain  into  on  analysis 
Of  material  behavior  .  "  - 
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We  shall  consider  first  the  problem  of  the  modification  of 
conventional  concepts  of  plasticity  and  elasticity  for  the  description 
of  material  behavior  under  vexy  rapid  development  of  stresses  and 
strains It  is  possible  to  treat  this  problem  independently  of  the 
problem  of  accounting  for  the  effects  of  finite  strains.  In  impact 
studies,  for  example,  attention  may  be  restricted  to  special  systems 
and  velocities  of  impact  that  produce  plane  strains  small  enough- to  be 
treated  by  linear  methods,  but  which- correspond  to  stresses  sufficient 
to  cause  plastic  deformation.  For  most  metals  and  alloys  there  is  a 
regime  of  impact  velocities  in  which  this  condition  13  fulfilled.  In 
this  regime  the  simplification  of  small  strain  theory  holds;  the 
elastic  behavior  can  be  treated  by  the  linear  elasticity,  and  the  total 
strain  is  the  sum  of  the  elastic  and  the  plastic  strains.  The  princi¬ 
pal  difficulties  are  in  finding  the  proper  relation  between  the  stress 
and  the  plastic  strain. 
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For  the  eatio  of  small  ntrulnn  tho  monoura  of  tho  amount  of 
otraln  can  bo  expressed  tn  tormo  of  tho  displacements  of  tho  body  by 
tho  formula 

”ij  '  ST  * 


where  Vj  is  the  displacement  and  x<  are  the  apace  variables.  Tho  elas¬ 
tic  and  plastic  strains  can  be  distinguished  on  the  basis  of  tho 
reversibility  of  the  process  of  deformation.  Thus,  if  an  increment  of 
work  done  in  a  given  deformation  is 
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where  dWe  is  the  part  of  the  work  that  is  reversible  and  dWp  is  the 
part  that  can  not  be  recovered.  The  elastic  and  plastic  strains  then 
correspond  to  these  contributions  to  the  total  work  (Ref.  4). 

diJd'iJ  *  *  de?j) 

E  p 
CiJ  "  +  CiJ 

If  it  is  assumed  that  the  work  done  by  the  plastic  deformations  is  the 
only  contribution  to  the  heat  term  of  the  energy  balance  then  the  work 
that  is  recoverable  is  the  same  as  a  change  in  the  elastic  potential. 
Furthermore,  this  potential  is  not  appreciably  affected  by  the  plastic 
deformation  so  that  the  elastic  constants  are  the  same‘-us  before 
deformation,  thus 


E  ,  _  E 
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In  the  above  the  plastic  deformation  is  associated  in  some 
way  with  the  irreversible  part  of  the  deformation.  To  make  this  asso¬ 
ciation  of  plastic  strain  and  Irrovorsibility  more  apogj,Xi&  we  may 
simply  take  it  as  an  empirically  oboorvod  fact  or  appeal  to  molecular 
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and  c  ryotallographic  notions .  In  any  cats  the  plaatic  do format Ion 
ultimately  oust  be  related  to  the  stress  (or  sons  other  condition  of 
the  body)  in  a  way  that  is  completely  distinct  from  the  elastic 
relation. 


In  the  present  discussion  we  choose  to  relate  the  plastic 
strain.  rata.  to.. tha.airaas  ua  the  procedure  first  pro¬ 

posed  by  Malvern  (Bef.  5).  Many  arguments  can  be  presented  both  for 
and  against  this  choice  of  variables.  In  most  cases  these  arguments 
Involve  questions  outside  the  Interests  of  the  present  work  and  there- 
fore  this  choice  of  variables  is  simply  postulated,  appropriate  data 
are  used  to  describe  the  plastic  behavior,  and  the  consequences  of  the 
choice  are  then  developed.  The  final  results  can  be  compared  to 
experimental  results  that  have  been  reported  recently  and  which  tend  to 
support  the  present  choice. 


As  a  mathematical  representation  of  the  relation  between  the 
plastic  strain  and  the  stress  we  choose 
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The  quantity  f  serves  to  specify  the  properties  of  dynamic  plasticity 
including  the  phenomenon  on  yielding.  In  place  of  a  criterion  for  the 
discontinuous  onset  of  plastic  deformation  the  quantity  f  contains 
essentially  the  same  effect  through  very  rapid  but  continuous  changes 
in  the  vicinity  of  these  critical  combinations  of  stresses.  An  appro¬ 
priate  form  for  the  quantity  f  Is  _ .  _ 

f  -  A  exp  Ffc^,  . 

The  exponential  function  is  a  mathematically  simple  expression  that  can 
adequately  describe  the  changes  of  strain  rate  that  are  required.  The 
functions  F  are  here  considered  to  be  given  either  by  the  results  of 
separate  theoretical  analysis  or  as  representations  of  empirical  data. 
In  the  present  discussion  the  latter  use  is  made  of  these  functions  and 
for  this  reason  the  simple  form  is  used 

F  -  B[^3u  +  3^2  ♦  s|3  ♦  3^2  +  S^3  +  Sgj  -  constant] 

to  approximate  selected  intervals  of  experimental  data  obtained'  by 
Hauser,  -Simmons,  and  Dorn  (Bef.  6).  An  oxaople  of  these  data' Is  shown 
In  Fig.  2  with  the  above  form  of  approximation  to  it. 

It  is  most  convenient  to  combine  this  expression  for  the 
plastic  strain  rate  directly  with  an  expression  for  the  stress  rate 
derived  from  the  elastic  stress -strain  relation  above,  which  gives 
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“3^  -  (*  ♦  2ja)  ^  (eu  +  9^  +  «33)  ♦  2^-^  -  (03^) 

This  equation  can  then  be  used  ao  the  equation  of  material  behavior  in 
the  problem  of  determining  plane  wave  propagation. 


The  equations  governing  one-dimensional  plane  wave  propaga¬ 
tion  consist  of  the  equation  of  continuity,  the  equation  of  motion,  and 
the  equation  of  material  behavior.  For  the  elastically  linear  problem 
considered  here,  these  are 
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These  may  be  solved  numerically  by  the  method  of  character¬ 
istics.  One  form  for  presenting  the  solutions  is  to  show  the  computed 
stress  pulse  shape  at  some  fixed  distance.  Examples  are  shown  in 
Fig.  3.  ~ 


These  results  may  be  compared  to  experimental  measurements  of 
the  pulse  shapes  measured  after  transmission  through  various. metals  and 
alloys  (Ref.  7~9)  In  Fig .  4.  The  calculations  and  the  measurements  are 
in  essential  agreement  in  the  slope  of  the  pulse  shape  from  the  elastic 
rise  to  the  "plastic”  part  of  the  pulse  that  follows.  The  elastic  part 
of  both  the  conputed  and  the  measured  pulses  decrease  with  the  distance 
traveled  through  the  material  until  some  stable  value  is  reached. 

One  important  conclusion  from  this  calculation  is  that  the 
material  behavior  at  the  start  of  the  process  is  essentially  elastic 
and  approached  a  state  composed  of  an  elastic  and  a  hydrodynamic  state 
by  a  continuous  transition.  If  one  is  Interested  in  the  transition 
from  the  initially  elastic  to  the  final  state  it  is  necessary' tOnise  a 
.method  that  la  appropriate  for  the  initial  elastic  state.  It. is, 
obvious  that  one  has  this  interest  in  problems  involving  thin  targets 
or  explosive  liners.  For  the  present  special  case  where  the  strains 
are  small,  linear  elasticity  is  adequate  but  when  the  stresses  are 
large  enough  to  give  finite  strains  then  the  methods  of  nonlinear 
elasticity  are  required  and  with  some  appropriate  means  for  introducing 
the  plastic  strain. 
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FINITE  DEFORMATIONS 

Finite  do format  Iona  of  a  body  aro  not  accurately  measured  by 
the  linear  expreealon  for  tho  strain  In  terras  of  tho  dioplacemcnto  w^ 
of  the  body.  An  accurate  fora  la  given  by  (Rof .  10) 


In  the  problems  of  interest  to  the  present  discussion  the  strains  of 
the  body  are  the  results  of  elastic  and  plastic  contributions.  Thus, 
the  question  arises  how  are  these  elastic  and  plastic  contributions 
given  a  strain  measure?  In  order  to  see  vhat  is  involved  in  the  answer 
to  this  question  we  consider  a  simple  fora  of  deformation  in  which 
there  is  no  shearing  of  the  material  but  only  compression  or  extension 
of  the  material  in  the  principal  directions.  One  way  of  viewing  the 
deformation  process  is  to  consider  a  fixed  region  in  space  and  then 
observe  how  the  material  is  deformed  to  fit  into  that  region  of  space. 
In  Fig.  5  this  is  geometrically  represented  for  a  single  direction  of 
straining.  The  square  in  Fig.  5a  is  the  region  fixed  in  space.  The 
rectangle  of  Fig.  5b  is  the  part  of  the  body  that  was  forced  into  this 
fixed  region  reversibly.  The  strain  can  be  measured  by  the  relative 
contraction  of  the  body,  i.e.,  the  change  in  length  divided  by  the 
final  length 

E'-f 

The  deformation  may  also  consist  of  an  irreversible  part.  This  means 
that  at  one  time  the  part 'of  the  body  now  in  the  rectangle  of  Fig.  5b 
was  previously  in  a  larger  rectangle .shown  in  Fig.  5c.  In  order  to 
define  this  deformation  consistently  with  the  elastic  deformation  the 
relative  contraction  of  this  deformation  must  be  the  change  in  length 
divided  by  the  final  length  shown  in  Fig.  5b  thus, 

EP 


The  total  deformation  is  the  result  of  the  contraction  of  the  large 
rectangle  of  Fig.  5c  into  the  fixed  region  of  Fig.  5a  thus  this  defor¬ 
mation  is  given  by 


These  measures  of  the  strain  are  not  related  as  the  email 
•train  theory  would  predict.  Rather  the  strains  are  related  by 
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which  reduces  to  the  simple  sum  If  the  elastic  strain  In  very  small. 
This  can  be  soen  In  Fig.  5  since  the  denominator  of  all  the  relative 
contractions  is  tho  uama  if  tho  elastic  strain  in  negligible  and  the 
sides  of  Fig.  5a  and  5b  are  equal.  This  deviation  from  the  linear 
relation  between  the  strains  is  due  to  the  necessity  of  measuring  the 
plastic  strain  with  respect  to  a  different  sized  region  than  in  the 
cose  of  the  elastic  strain. 

The  above  elementary  ideas  arc  a  specific  example  of  the  gen¬ 
eral  process  of  transforming  one  region  of  space  into  another  region  of 
space.  In  the  entire  process  there  arc  two  transformations  made 
between  three  regions.  In  the  general  mathematical  representation  the 
regions  are  given  by  three  sets  of  labels  for  space  coordinates.  There 
is  the  fixed  region  of  space  with  coordinates  x^,  xg,  xx,  the  inter¬ 
mediate  region  of  space  with  coordinates  y±,  yg,  y*,  which  is  trans¬ 
formed  into  the  fixed  region  by  the  elastic  process  and  the  initial 
region  with  coordinates  Zi ,  Zg,  Zj,  that  is  transformed  into  the  final 
region  of  space  by  the  total  deformation.  The  strains  can  now  be 
defined  by  the  type  of  .presslon  given  earlier.  The  total  deformation 
is  given  directly  by  that  equation  using  the  displacements  from  the 
initial  to  the  final  region.  The  elastic  deformation  is  given  by  the 
same  kind  of  equation  using  the  displacements  from  the  Intermediate 
configuration  to  the  fixed  configuration  of  space. 


The  plastic  deformation  is  given  by  the  displacements  from  the  initial 
configuration  to  the  intermediate  region  of  space  and  .the  partial  dif¬ 
ferentiation  is  with  respect  to  the  coordinates  of  the  intermediate 
region  of  space.  ...~r 


In  terms  of  the  above  definitions  of  strain  one  example  of 
the  relation  between  the  total,  elastic,  and  plastic  strains  is 

*n  "  *u  *  *u  "  a4'u 

and  the  elastic  strain  component  is  given  by  ”  " 


Now  it  is  possible  to  extend  this  kind  of  an  argument  to  a 
much  more  general  situation  in  which  there  are  shearsrand  rotations  of 
the  oleraento  of  tho  material.  One  cane  that  is  of  particular  use  in 
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the  solution  of  problems  vlth  impact  or  explosive  loading  io  that  of 
cylindrical  symmetry.  In  this  case  the  relation  between  the  total 
strains,  elastic  strains,  and  plastio  strains  i4  given  for  the  compo¬ 
nents  as  follows 
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where 
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These  equations  in  turn  can  be  solved  to  give  the  elastic  strain  compo¬ 
nents  as  a  function  of  the  total  and  elastic  strain  components  for  use 
in  the  stress-strain  relations.  One  example  is  as  follows 
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The  functions  A,  B,  and  C  are  polynomials  in  the  quantities  and 
(l  -  2®^).  The  most  significant  feature  of  the  equation  above  is  the 
presence  of  the  difference  terms  for  strain  components  other  than  c^. 
Thus,  for  this  case  of  cylindrical  symmetry  the  elastic  strains  depend 
not  only  on  the  total  and  plastic  strain  components  but  also  on  other 
components  so  that  there  are  cross-effects  in  the  expression  for  the 
elastic  strains.  - 


- STRESS -STRAIN  RELATIONS  FOR  FINITE  DEFORMATIONS 

In  the  treatment  of  perfect  elasticity  the  stress  is  derived 
from  an  elastic  potential.  The  elastic  potential  may  be  given  a 
thermodynamic  interpretation  as  either  the  specific  free  energy,  for 
an  isothermal  process,  or  as  the  specific  internal  energy,  for  an 
adiabatic  process.  The  adiabatic  process  is  appropriate  for  impulsive 
loading. 


The  starting  point,  in  perfect  elasticity,  is  the  first  law 
of  thermodynamics, 

dBx.  - 

psu-piss.,,  3~  -  . 
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In  the  above,  the  quantity  dBx^/Sxj  is  the  work  done  by  increments 
of  displacements  Bx^  against  stresses  ojj,  and  the  specific  internal 
energy  u  is  assumed  to  be  a  function  of  the  strain  and  the  entropy 
1,3) .  From  this  it  follows  that 
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may  us®  th«  relation 


which  connect  the  strain  ear±  the  qnant±tier~d&Xj/dx£',  ( s^  flrfv  l) 

ta  •  If  SS  +  (6lk  •  2,lk)  S^1 

and  thus  arrive  at  the  value  for  the  stress,  for  a  reversible  process, 


®y  *  p(5ii  ’  s,t±> 

One  task  of  the  present  vork  is  to  modify  the  arguments  above 
so  that- permanent  deformations  can  be  included.  This  task  is  accom¬ 
plished  by  showing  that  it  is  possible  to  resolve  the  work  term  of  the 
first  law  into  two  parts,  one  that  contributes  to  specific  internal 
energy  and  one  that  contributes  to  the  heat  term. 

The  points  of  the  final  configuration  may  be  given  a3  func¬ 
tions  of  the  intermediate  configuration, 

*i  *  xi(yl'  y2*  vy  ~  ~ 

A  variation  of  the  quantity  is  now  given  by 

dx.  dx.  5y. 
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Since  the  quantities  y^,  yo,  yj,  are  assumed  to  vary  with  time,  the 
variation  has  two  parts .  Ore  part  comes  from  the  direct  dependence  of 
the  final  configuration  on  -ime,  and  is  the  elastic  partof  the  varia¬ 
tion  since  it  is  independent  of  the  intermediate  configuration.  The 
other  part  of  the  variation  comes  from  the  dependence  on  the  quanti¬ 
ties  y^,  yg,  y«,  and  the  dependence  of  these  on  time.  This  part  of 
the  variation  is  the  plastic  part  since  it  is  explicitly  dependent  on 
the  intermediate  configuration. 

The  work  term  of  the  expression  for  the  first  law  becomes 
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Nov  the.  aaoi.nnpt.ioa.  1a.  node.  that  the  work  oM  3&x?/3x.  is  dissipated  as 
heat  so  that  *  J 
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If  this  is  the  only  irreversible  process  then  the  first  lav  is 
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and  consequently  the  stress  is  given  by 
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STRESS-STRAIN  RELATIONS  70R  AN  ISOTROPIC  SOLID _ 

It  is  convenient  to  restrict  attention  to  an  isotropic  mate¬ 
rial.  The  material  properties  are  easily  expressed  and  the  description 
is  reasonably  accurate  for  many  metals  and  alloys. 

For  an  isotropic  material  the  specific  internal  energy  is  a 
function  of  the  strain  through  certain  Invariants  of  the  strain 

t*  **  ,  E  ,  E 

■  v  •  s.* «u..t  -  * ...  . 
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The  specific  internal  energy  may  be  given  as  a  series 

pQu  -  a^dj)2  +  *  a3(^ )3  +  •  •  • 

and  the  density  is 

p  «  poyT^ii^Tl^T8^ 

hence  the  stress  becomes 

°ij  “  *l^5i4  +  *2*iJ  +  6iJ  +  a4Il€iJ  +  a5I26iJ 

*  a6co€iJ  +  2a2€ik4j 


The  expression  above  can  be  given  in  terms  of  the  total  and 
the  plastic  strain  components.  The  stresses  are  then  - 


cru  -  a. 
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1  - 2  4  1  • 2  4  1  - 2  4 


ujaH*??  ,:..4)(V  '4M.tu  ~.  4K«22 : 4) 

•  4  \  -  a  «>,  V  a  -  2  £  V  2  4/ 


This  stress-strain  relation  can  be  used  to  obtain  a  nonlinear 
form  of  constitutive  relation  for  use  in  the  solution  of  planar  one- 
dimensional  stress  wave  propagation.  As  In  the  linear  problem  it  is 
convenient  to  use  a  differential  form  of  the  equation.  We  simply  dif¬ 
ferentiate  the  stress-strain  relations  to  obtain  the  local  rate  of 
change  of  stress  and  propose  to  use  this  with  appropriate  convective 
terms  to  represent  the  total  rates  of  change  for  an  Eulerian  represen¬ 
tation  of  the  problem.  The  partial  derivatives  with  respect  to  time 
are  ....  .  ... 


-#  ■  {vv*5(*u-4,+"-  *  {W*u-4>+;"} 


where 


■  X  and 


*2  ‘2t> 


(The  brackets  above  contain  other  terms  beyond  those  shown  but  these 
are' omitted- for  simplicity  of  writing.)'  The  quantities  X  +"2fi  and  2\x 
of  the  linear  case  are  replaced  by 

V 

X  +  2h  -*  (x  +  2n  +  a^e^  -  4>  ♦ -VC1  - a  4> 

2n  -*(2\x  +  alf(a11  -  «JX)  +  ...)/(l  -  2 
and  the  nonhomogoneous  term  is  given  by 
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+  alf(*n  *  *11.)  *  *** }  *  ff2*} 

U  ♦  2n  ♦  *)(*n  -  4.)  ♦  •••( 

This  font  of  the  constitutive  equation  has  the  main  features 
or  the  constitute!  w  equeMeir  tsscd  fte-the  linear  problem  hut  also 
accounts  for  the  finite  definition  of  strain,  nonlinear  stress-strain 
relations  and  the  appropriate  nonlinear  relation  between  the  total 
strain,  elastic  strain,  and  plastic  strain.  These  last  properties  per¬ 
mit  this  type  of  constitutive  relation  to  apply  to  situations  in  which 
It  Is  expected  that  the  propagation  rate  Is  dependent  on  the  intensity 
of  the  disturbance. 

The  problem  of  one -dimensional  wave  propagation  is  Important 
because  of  the  simplicity  both  in  experiment  and  theory;  however,  the 
urgent  problems  of  the  weapon  designer  are  two-  or  three-dimensional. 
Some  work  is  being  done  at  other  laboratories  on  two-  or  three- 
dimensional  problems  using  linear  elasticity  and  direct  finite  differ¬ 
ence  approximations  to  the  basic  equations.  This  same  kind  of  work  is 
contemplated  at  the  Naval  Ordnance  Test  Station  using  the  constitutive 
relation  appropriate  for  the  case  of  cylindrical  symmetry;  however, 
there  is  no  intention  of  attempting  this  kind  of  work  until  one- 
dimensional  cases  are  better  understood.  There  seems  to  be  little 
point  in  trying  to  introduce  all  the  complexity  of  the  cross  strain 
effects  of  the  cylindrical  case  if  the  effect  of  the  main  strain 
component  is  still  inaccurately  known. 
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CALOROBIC  INORGANIC-ORGANIC  POLYMERS 


R.  J.  Landry 
E.  H.  Bartal 

U.  S.  Naval  Ordnance  Teat  Station 
China  Lake,  California 


During  the  paat  year,  effort  vaa  directed  primarily  toward 
optimizing  the  preparation  procedures  and  end-use  of  the  zirconium 
( IV) jhenoxy aldehyde  polymer.  A  novolac  (prepolymer)  of  hafnlua(lV) 
phenoxy aldehyde  and  Impure  van&dium|V)phenoxy  aldehyde  was  prepared. 
Aldehydes  other  than  paraformaldehyde,  and  aromatic  alcohols  other 
than  phenol  have  been  evaluated.  A  continuing  search  for  a  better 
paraformaldehyde  solvent  is  underway.  Some  progress  has  been  made 
on  a  study,  the  ultimate  goal  of  which  is  to  obtain,  as  a  pyrolytic 
product,  the  carbide  composition  4TaC  +  HfC  which  has  one  of  the 
highest  melting  points  (7&190?)  of  any  known  material. 

MAGNESIUM(  n)PHEIfOXYALDEEYIE 

Magne s ium( II ) phenoxy aldehyde  has  been  prepared  and  test-fired 
aa  a  micro  -macket -teat- motor  nozzle  Insert  for  l/2- second.  On 
test-firing  for  3*,*econda,  a  magne sium( Il)phenoxyaldehyde - ^ef rasil 
Insert  eroded  0.003".  lbe  original  throat  diameter  was  0.262". 
Longer  firings  would  be  required  to  establish  the  rate  of  erosion. 

BOROS(  HI)  PHZ3T0XYALECHYDE  RESIN 

Preparation  of  boron ( III )phenoxide  and  its  resin  was 
accomplished  in  one  operation  instead  of  the  usual  two. 


Boron  phenoxlde  was  prepared  by  refluxing  boric  acid. with  phenol 
in  xvlene.  The  theoretical  reaction  is  shown  in  Slide  1: 
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H-O-B-O-H 
boric  acid 


H 
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o 
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O-0-B-0-Q+3 


phenol 


boron  ( HI)  phenoxlde 


HOH 

woter 
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50  grams  of  borlo  acid  vas  planed  in  a  50  ml  flask  with  268  grams 
of  phenol  and  150  ml  of  xylene,  then  refluxed  for  six  hours.  33 
of  water  was  recovered.  A  small  portion  of  the  liquor  was  removed 
for  evaluation.  The  whlto  crystalline  precipitate  obtained  from 
it  vas  dried  two  hours  at  122^7,  removing  most  of  the  xylene,  then 
its  melting  point  (329°F)  was  determined. 

A  yellow  resin  vas  prepared  from  the  clear  liquid  remaining  in 
the  flask  by  adding  paraformaldehyde  to  it  in  small  amounts,  then 
refluxing  for  three  hours.  811de  2  shows  the  theoretical  reaction: 


0 

I 

0 

Q-O-B-O-Q  +  (HCH0)n - *  Resin  +  nHOH 

boron  (Hi)  phenoxide  poroformaldehyde  boro n (m)  pheno WQter 


After  adding  half  of  the  stoichiometric  quantity  (50g)  of  paraformal¬ 
dehyde  and  refluxing  for  two  hours,  a  clear,  viscous  liquid  vas 
obtained.  The  remaining  paraformaldehyde  vas  then  added,  and  the 
material  refluxed  one  more  hour.  31  “1  water  was  recovered  during 
resin  formation.  The  viscous  yellow  polymer  obtained  after  three 
hours  refluxing,  during  which  some  xylene  vas  lost,  solidified .on 
cooling.  The  polymer  readily  dissolved  in  tetrahydrofuran  to  give 
a  clear  solution. 

A  laminate  was  prepared  by  dissolving  some  of  the  polymer  in 
tetrahydrofuran  and  using  the  solution  to  impregnate  glass  cloth. 

The  laminate  vas  molded  at  400°?  for  two  hours  under  10,000  psi 
pressure.  It  appeared  to  be  a  good  laminate  and  had  a  Barcol 
hardness  of  60-75* 

The  completeness  of  the  reaction  of  the  phenoxide  and  the 
resole  polymer  vas  determined  in  the  following  manner:  In  the 
phenoxide.  reaction  a  -total  of  33..  grams  of  water  vas  obtained,  while 
the  calculated  stoichiometric  amount  vas  44  grams.  Some  of  the 
water  may,  of  course,  have  been  dissolved  in  the  residue  aftd  the 
xylene.  In  the  polymer  formation  30  grams  of  water  were  obtained 
where  the  stoichiometric  amount  vas  60  grams  for  complete 
polymerization  to  the  resits  stage.  The  polymer  was  in  the  resole 
stage,  however,  so  only  a  fraction  of  the  water  of  condensation  was 
formed. 


Landry ,  liar t cl 


Assuming  the  paraformaldehyde  is  converted  to  methylene  bridge* 
(CHp)  and  nethylol  end  groups  (CHgOH),  one  may  calculate  the  number 
of  cHo  groups  converted  (1:1  ratio  with  HCHO)  then  the  remainder  unf 
the  chemically  combined  water  would  be  mothylol  groups.  Thia 
procedure  vould  help  clarify  the  chemical  structure  of  the  polymeric 
end-product.  It  is  assumed;  of  courso,  that  no  formaldehyde  is  lost 
In  the  polymerization  reaction. 

HAFRIUM(  IV) FHEHOXYALDEHYDE  NOVOLAC 


Previous  attempts  to  prepare  a  novolac  or  prepolymer  with  hafnium 
have  not  been  too  successful,  with  the  exception  of  that  of  hafnium 
(iv)phenoxy aldehyde:  The  theoretical  reaction  Is  shown  in  Slide  3: 


H 

I 
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•  Q  *f  (HCHO)n  - *■  Resin  -f  n HOH 

(low  degree  ot 
polymerization) 

....  woter  ot 

hafnium  (17)  phenoxide  paraformaldehyde  condensation 

(solvated) 

To  prevent  reactions  of  the  hafnium(lV) chloride  with  the  atmosphere, 
all  transfers  were  performed  in  a  dry  box.  Two  hundred  grams,  or 
0.625  moles  of  hafnium( IV) chloride  was  transferred  into...a.  one-liter 
three-neck  flask  and  immediately  covered  with  100  ml  of  pure,  dry 
benzene.  The  flask  was  fitted  with  a  mechanical  stirrer,. a  dropping 
funnel,  and  a  nitrogen  inlet.  The  dry  nitrogen  was  used  to  flush  the 
apparatus  continuously  during  the  preparation  of  the  prepolymer. 

Two  hundred  ninety  four  grams  of  pure  phenol  was  added  a  drop  at  a 
time.  A  vigorous  exothermic  reaction  occurred.  During  the 
addition  of  phenol,  the  reaction 'mixture  became  a  solid  mass  and 
dilution  with  more  benzene  (100  ml)  became  necessary.  After  adding 
the  phenol,  the  reaction  mixture  was  heated  to  refluxing  temperature 
and  refluxing  was  continued  for  two  hours.  After  refluxing  the  product 
appeared  as  a  red,  transparent  liquid.  After  cooling  in  an  ice  bath 
for  30  minutes,  no  precipitate  appeared- -nor  did  standing  overnight 
produce  a  precipitate.  A  calculated  amount  (135  grams)  of  paraformal- 
-*  dehyde-added "in -27 'gram-aliquot  portions,  caused  copious-coaming. 
Heating  to  reflux  temperature  caused  slight  precipitation,  which  was 
filtered  out .  The  filtrate  was  a  viscous  liquid  containing  22^ 
by  weight  of  elementary  hafnium  . 


O-0-Hf-O-O 

0 

I 

.  0  . 
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Slide  4  shows  the  oryataillno  structure  of  the  hafniua(lV)- 
phenoxide  proparod  by  the  reuoic  method  whereas  by  tho  described 
novolac  method  no  crystals  were  formed.  Slides  5  and  6  show  two 
possible  chemical  structures  of  the  haf nium( IV ) phenoxyaldchydo  resin. 


I - 1 
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VAKADIUM(  IV)  nONOXYALDDIYia 


The  reaction  of  vanadium  trichloride  vlth  phenol  doe*  not 
proceed  even  after  refluxing  for  6  houre,  with  5  times  the  stoichio¬ 
metric  quantity  of  phenol. 


Vanadiua(lV).phenaxtrin  was  then. prepared  1‘roa  vanadium( IV) chloride. 
Slide  7  shows  the  theoretical  reaction: 


C! 
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CI-V-CI 


4- 


+  4HCI 


Cl 


phenol 


vonodium  (IT)  chloride 


vanadium  (EZ)phenoxide 
(solvated) 


hydrogen 

chloride 

gas 


When  106cc  of  vonadium(  IV )  tetrachloride  was  added  to  9^1  grams 
of  phenol,  then  stirred  and  refluxed  for  6  hours,  hydrogen  chloride 
vos  evolved.  Benzene '(500cc)  was  added  and  the  solution  was 
refluxed" further,  then  cooled  and  filtered.  The  dark  brown 
precipitate  was  washed  5  times  with  benzene,  but  remained  somewhat 
mushy  rather  than  becoming  dry  and  crystalline  in  the "manner  of 
other  phenoxides.  The  dark  brown  precipitate  decomposes  above  5T2°P 
and  turns  black  when  exposed  to  atmospheric  moisture.'  Ignition  of 
the  phenoxide  resulted  in  a  yellow-red  vanadium(V)pentaoxide,  VgOj 
The  yield  was  17*7^  os  compared  with  the  theoretical  quantity  of 
17 *6%  from  the  empirical  solvated  vanadiunphenoxide 

(Y(joc$h5)4.  QfiHjCH. 

A  black  resin  was  prepared  by  mixing  stoichiometric  quantities 
of  the  phenoxlde  with  paraformaldehyde,  then  heating  the  mixture  in 
an  oil  bath.  Tetrahydrofuran  solvent  was  added  when  ..the  resin 
temperature  reached  212°f  and  the  viscosity  had  increased'  sharply. 

A  laminate  prepared  with  Refraail  had  the  low  Barcol  hardness  of 
10.  further  tests  were  postponed  until  a  purer  batch  of  the  phenoxlde 
could  be  prepared. 
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ZIRCONIUM( IV ) HYDR<XJUIIIXI®  POLYMER  or  POLY(1,4/OXYBENZEM!-ZIRCONIUM(IV) ] 


Zlrconiuo(lV) chloride  vas  reacted  with  hydroquinone .  The 
theoretical  reaction  la  aa  follows  and  la  shown  In  Slide  8: 
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-f  4HCI 


hydroquinone  poly  zirconium  (EZ)  hydroquinide 


When  atoichiooetric  quantities  in  accordance  with  this  equation 
are  mixed  and  heated,  a  rapid  reaction  occurs.  At  400°F,  a  semi¬ 
solid  polymer  forms  in  one  minute  and  hardens  upon  cooling.  The 
viscosity  increases  rapidly  and  considerable  foaming  results  from 
the  evolution  of  hydrogen  chloride. 


This  polymer  could  be  powdered  and,  perhaps,  cross-linked  further 
with  paraformaldehyde. 

ZIRCGIfYL  ( IV  )  PHENOXYALDEHYIE 

An  attempt  to  prepare  zirconyl(2V)phenoxlde  from  zirconyl(iy)- 
chlorlde  and  excess  phenol  vas  unsuccessful.  Another  evaluation 
- — technique  was  to  add  two  moles  of  phenol  to  one  mole  of  ZrClj^  —in¬ 
benzene,  then  boil  it  in  an  open  beaker  to  allow  atmospheric 
moisture  to  react  with  the  chloride  not  replaced  by  phenol.  The 
theoretical  reaction  without  complex  formation  is  shown  in  Slide  9: 
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Cl-Zr-CI  4*  2  0  -f-  HOH  — 
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Cl 
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zirconium  (IV)  phenol  woter 
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Tha  reaction  between  the  tirconiua  chloride  and  phenol  proceeded  at 
room  temperature  but,  when  the  eolution  vae  heated  to  drive  off  the 
hydrogen  ohloride  gas,  the  water  reaction  apparently  produced  a 
precipitate.  On  further  heating  to  284°/  to  drive  off  the  benzene, 
white  funea  were  evolved  and  the  odor  of  coal  tar  indicated  decompoa- 
it ion. 

A  batch  of  zlrcoftyi(ZV)phenoxide-  wae  difficult  to  filter 
properly,  eo  pentane  and  cyclohexane  were  added  to  the  unpurified 
precipitate  and  the  mixture  then  boiled  in  an  open  beaker  on  a  hot 
plate.  The  pentane  and  cyclohexane  boiled  off  and,  at  a  gae 
temperature  of  347°?  to  365°!,  a  strong  odor  of  phenol  was  noted. 
Bolling  stopped  and  the  temperature  began  to  rise,  so  the  reaction 
was  Interrupted  and  the  moss  allowed  to  cool  and  solidify.  Analysis 
of  the  mass  by  ashing  to  ZrOg  gave  a  Zr  content  of  2?.6£.  This  is 
much  more  Zr  than  is  contained  in  zirconium(lV)phenoxlde,  and  is 
closer  to  the  30.88)(  metal  content  in  zirconyl(lv)phenoxide. 

The  resin  was  prepared  by  adding  a  stoichiometric  amount  of 
paraformaldehyde  to  a  dloxane  solution  of  the  z ire onyl (iv)phenoxide 
described  above,  then  heating  from  room  temperature  to  boiling 
oVer  a  period  of  6  minutes.  The  oil-bath  temperature  was  230°?. 

Slide  10  shows  the  theoretical  reaction: 


0 

0- Zr— -H  (HCH0)n  ^zirconyl(DZ)phenoxyalderiyde  -j-nHOH 
zirconyltffijphenoxide  '  porelormatdehyde  polymer  -  water 


With  Ulg  of  zlrconyl(lV)phenoxlde,  36s  of  paraformaldehyde ,  and 
85g  of  dloxane,  the  resin  formed  and  began  boiling  at  212°?.  It 
boiled  excessively,  so  another  batch  va3  prepared  in  which  the  oil 
bath  temperature  was  initially  l49°7>  The  resin  was  slow  to  form, 
so  after  30  minutes  the  temperature  was  increased  to  176°7  and  held 
there  20  minutes.  The  resin  temperature  also  reached  176°?,  but  did 
not  exceed  the  oil-bath  temperature.  It  was  then  cooled  to  104°P  in 
an  ice  bath.  The  resulting  brown  viscous  resin  contained  66^  solids 
and  only  a  very  small  amount  of  unreacted  paraformaldehyde. 

A  laminate  was  made  from  Style  181  glass  cloth  impregnated  with 
a  40£  solution  of  the  above-described  resin  in  tetrahydrofuran. 

The  cloth  was  dried  6  hours,  then  cut  to  make  a  13-ply,  l/Q"-thick 
laminate  in  a  press  at  325°f  for  l/2  hour,  under  a  pressure  of 
3000  psi.  The  resin  flowed  l/l6”  to  1/8"  beyond  the  oloth  edges, 
hence,  10)1  by  weight  of  the  resin  either  flowed  or  was  volatilized. 
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Two  tensile  specimens  were  machined  in  accordance  with  ASTM  D638 
IVpe  III  then  tested  to  failure .  The  tensile  strength  was  38,000 
psi.  This  was  lower  than  91LD  phenolio  renin  Style  161  glaso-oloth 
laminate  that  had  been  made  up  in  a  similar  manner  as  a  control 
sample. 

EIBCQKIOTrt  17  )  PHBMJXIDS 

Development  of  the  zirconium(lV)phenoxyaldehyde  resin  and  its 
evaluation  was  continued  because  it  forma  zirconium  oxide  as  a  pyro¬ 
lytic  by-product  in  a  rocket-nozzle  blast-exposed  surface,  and  does 
not  form  the  silicate  as  does  titaniua(  IV)phenoxy  aldehyde . 

The  theoretical  zirconium  content  of  the  resin  is  uncertain  since 
it  is  based  on  the  combination  of  the  stoichiometric  quantities  of 
the  phenoxide  and  paraformaldehyde  without  allowance  being  made  for 
loss  of  formaldehyde  gas  and  water  of  condensation— factors  which 
could  easily  result  in  the  calculated  zirconium  content  being  too 
high.  Hafnium  is  a  natural  impurity  of  zirconium,  and  is  so  similar 
to  it,  chemically,  that  its  exact  quantity  is  not  easily  established. 

A  decrease  in  chlorine  content  during  resin  preparation  is  also 
expected. 

The  presence  of  chlorine  is  undesirable  in  the  resin  so  a 
preparation  of  the  phenoxide  from  zlrconium(lV)acetylacetonate  was 
investigated.  Its  preparation  from  zirconiua(lY) alcoholate  had  been 
attempted  earlier,  but  had  failed.  Dry  benzene  (llOg)  was  poured 
over  24 . 24g  zirconiumClV ) acetylacetonate  with  37-6  grams  of  phenol. 
This  was  refluxed  3  hours  at  172°F,  but  no  visible  change  occurred, 
and  cooling. to  32°F  produced  no  precipitate.  In  another  batchy- 
benzene  was  eliminated  to  permit  refluxing  at  a  higher  temperature. 

At  a  reflux  temperature  of  284°P  to  3H°F,  the  color  changed 
successively  from  yellow  to  red-brown,  to  dark  brown,  then  to 
tarry  black— the  color  of  the  residue.  The  temperature  in  the  second 
trial  was  too  high,  inasmuch  as  airconium(  IV)  acetylacetonate  is 
reported  to  begin  decomposing  at  257°F«  Further  investigation 
is  in  progress. 

zirconium(  rv) PHEHOXYALDEHYIE  resin 

The  resin  can  be  prepared  by  heating  a  mixture  of  zlrconlum(lV) 
.phenoxide-  and  paraformaldehyder  The  reaction  is  rapid  and  difficult 
to  stop  in  the  "A"  stage,  therefore,  the  addition  of  a  solvent  is. 
advisable.  Zirconium( IV) phenoxide  is  readily  dissolved  in  several 
solvents,  such  as  dloxane,  tetrahydrofuran,  benzene,  phenol,  etc., 
and  paraformaldehyde  is  soluble  in  water,  ethyl. alcohol,  ether  and 
possibly  other  solvents.  The  resin  was  successfully  prepared  by 
using  dloxane  or  tetrahydrofuran  as  a  solvent  for  the  phenoxide. 
Paraformaldehyde  is  not  soluble  in  these  solvents}  therefore,  it 
was  classified  to  pass  through  a  £50  mesh  screen  and  added  asa 
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■olid.  Curing  refluxing,  the  small,  solid  particles  of  paraformal¬ 
dehyde  are  in  constant  motion.  The  pbenoxlde  in  oolutlon  appears  to 
react  with  the  surface  of  the  aldehyde  and  by  using  a  small  particle 
size,  the  roaction  time  at  the  proper  temperature  is  short  enough  that 
essentially  all  the  aldehyde  is  consumed.  The  particles  remaining 
are  generally  very  small  and  have  a  slow  settling  rate  in  the  resin. 
Resin  prepared  in  thie  manner  la  controllable^  and  the  reaction  can 
be  stopped  at  any  deeired  viscosity  or  degree  of  polymerization. 

The  resin  can  readily  be  thinned  to  Impregnate  glass  cloth.  One  dis¬ 
advantage  is  that  lte  shelf  life  Is  only  one  to  two  weeks.  The 
zirconiua(tV)phenoxide  is  so  reactive  with  paraformaldehyde  that 
the  mixed  dry  powders  will  polymerize  at  room  temperature  over  a 
period  of  four  weeks. 

Since  the  shelf  life  of  metal  phenoxyaldehyde  resins  is  so 
short,  a  titaniua(lV)phenoxyaldehyde  resin  was  prepared,  substituting 
Methyl  Formed  for  paraformaldehyde.  Methyl  Formcel  contains  ^6-5% 
aldehyde  and  9^  water,  the  remainder  being  methanol.  A  laminate 
was  made,  and  further  investigations  are  in  progress.  The  shelf 
life  Is  greater  than  four  months. 

A  novolac  prepolymer  was  prepared  by  adding  half  the 
stoichiometric  amount  of  paraformaldehyde  (22. 5g)  to  zirconium(lV) 
phenoxlde  (11. 5g)  in  solution  with  dioxane  (l50cc).  This  was 
refluxed  five  hours.  A  resin  was  obtained,  but  about  half  of  it  solid¬ 
ified  on  the  sides  of  the  flask.  When  stirred,  the  resulting 
prepolymer  was  lumpy,  with  solid  particles  suspended  in  the  resin. 
Further  .effort  will  be  expended  to  improve  the  resin. 

LAMINATES 

Laminates  were  prepared  from  Style  181  glass  cloth  with  titanium 
(IV)  and  zirconium( IV) phenoxyaldehyde  resins.  A.l/8"  X  8"  X  10" 
laminate  containing  3<$  resin  was  prepared  with  titanium(lV)- 
phenoxy aldehyde .  The  laminate  was  cured  one  hour  at  300?F  and  1000 
psi  pressure.  A  high  resin  flow  was  obtained  but  the  laminate 
showed  no  starved  areas.  Physical  properties  (tensile  and  flexural 
strengths)  of  four  specimens  were  determined  with  average  values 
of  36,250  and  11,000  psi  respectively. 

The  flexural,  specimens  failed  in  transverse  shear  with  a  low 
-value. :  In .  comparison,  the  .ultimate  tensile  strength  of  zlrconyl(lV) 
phenoxyaldehyde  laminate  (l6l  glass  cloth)  was  38,000  psi. 

Unfortunately  the  laminate  size  was  inadequate  to  obtain  flexural 
test  specimens. 

CONSTRUCTIVE  PYROLYSIS 

A  laminate  prepared  from  zirccnius,.(lV)phenoxy aldehyde  and 
Refrasil  cloth  (oO^l  resin)  was  supplied  to  NARMCO  Industries,  a 
Division  of  Telecomputing  Corporation,  for  evaluation  by  pyrolysis  . 
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Refraall  (high  allies  glass)  la  laochad  glass  cloth,  and  haa  vary 
low  tanalla  strength,  thua  tha  laminate  alao  had  low  strength.  Two 
•ora  laminates  vara  praparad,  using  titaniu*(  XY)phanoxyaldahyda 
raoln  ona  with  Styla  lfll  glaaa  cloth,  tha  othar  with  carbon  cloth. 
Ualnataa  had  baan  lnvaatlgatad  by  RARMdO  for  constructive  pyrolyaia 
(in  aa  txmrt  actmoaphere)  toiaprove  thr  oxidation  issli'frauce-  mt  ' 
alavatad  taaparaturar .  Tha  raaulta  of  thalr  atudlaa  indicated  that 
"It"  glaaa  la  auparlor  to  Refraall  for  tha  raalna  In  laalnate 
production,  alnca  It  la  aoftar  at  l800°r  than  quartz  or  Bafraall  and 
la,  tharafora,  more  raaotlva  chealcally . 

Tha  flexural  atrength  of  tha  laalnate  of  tltanlun(lV)phenoxy al¬ 
dehyde  reain  with  "I"  glaaa  vaa  ouch  higher  after  pyrolyaia  than 
that  of  tha  slrconlua( Z?)phenoxyaldehyde-Ref raall  laminate,  though 
they  vara  of  nearly  tha  aaaa  atrength  before  pyrolyaia.  The  titanium 
In  tha  raaln  forma  a  allicate  with  Rafraall  in  a  rocket  nozzle 
during  teat  firing:  hence,  it  would  be  expected  to  react  with  "E" 
glaaa  during  pyrolyaia,  reaultlng  in  a  atronger  laminate.  The  weight 
loaa  of  the  tltaniuaphanoxyaldehyde  laalnate  alao  ahoved  a  pronounced 
Increaae  In  oxidation  reaiatance  at  650°?.  Volume  realatlvlty  of 
both  laalnate a  vaa  very  lov  after  the  1800°J*  pyrolyaia.  Realatlvlty 
of  the  carbon- cloth  laalnate,  being  Initially  lov  ahoved  only 
lnaignlf leant  change.  In  general,  the  over-all  oxidation  reaiatance 
of  theae  laminate*  vaa  not  materially  improved  by  pyrolyaia  at  l800°7. 

ZIRCONIA  RISERS 

Several  nozzlea  were  molded  to  ahape  from  zlrconlum(iv)pbenoxy- 
aldehyde  reain  and  zirconia  "A"  refractory  flbera.  Rocket  motor 
teat  firing*  comparing  thia  molding  with  one  of  zirconia  fibers  and 
91LD  reain  Indicated  poor  resistance' to  erosion  for  either  nozzle. 
Since  the  91LD  resin  used  with  several  fiber  reinforcements  shoved 
soma  merit  in  a  nozzle  environment  it  has  been  concluded  that  the 
crushing  of  the  zirconia  flbera  during  the  molding  process  essentially 
yielded  a  powder  filled  molding  knnvn  to  be  notoriously  poor  when 
used  as  a  nozzle  insert.  A  nozzle  insert  prepared  with  tantalum  wire 
screen  and  zirconium  hydride  as  a  filler,  however,  actually  reduced 
in  throat  size  after  teat  firing  under  the  same  conditions. 

ZIRCONIUM-TANTALUM  CARBIDE  (IN  SITU)  LAMINATE 

In  the  pyrolyaia  of  the  rocket  nozzle  inserts  containing  the 
polymers  of  various  chemical  elements,  the  solid  residue  has  been 
the  oxides  aa  anticipated  on  the  basis  of  enthalpy  or  free  energy  of 
formation  values  of  the  oxides  from  their  elements.  The  carbides  of 
the  metals  have  lover  negative  free  energy  than  the  oxides.  Because 
of  the  combined  oxygen  present  in  the  Inorganic -organic  polymer  and 
the  apparent  impossibility  of  preparing  the  polymer  with  a  metal- to- 
carbon  bond,  the  production  of  carbides  tnrough  pyrolysis  requires 
that  a  method  be  devised  for  removing  the  oxygen  by  an  oxygen 
scavenger. 
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A  laminate  (l"  X  1"  dia.)  vue  prepared  by  incorporating  woven 
tantalus  wire  in  zirooniua(iv)phenoxy aldehyde  reein  with  sufficient 
zirconium  hydride  to  combine  with  all  the  oxygen  in  the  the  reein  to 
fora  ZrOg  and  with  enough  excesa  to  fora  a  TaC-to-ZrC  ratio  of  ktl 
(vt. )  during  deetruatlve  pyrolyele  on  the  blast-exposed  eurfacee  of 
a  rocket  nozzle.  The  .hypothetical  formation  of  the  carbldee  in  the 
hil  ratio  lfl  deelrad-  hscimea,.  la  that,  ratio,  TaC  an*  2rC  have  on 
or  the  highest  melting  points  of  any  known  materials,  further  it  is 
believed  that  the  metal  screen  will  serve  as  so  oxygen  scavenger 
allowing  the  carbides  to  fora  on  the  exposed  metal  surface  if  an 
excess  of  carbon  is  present,  finally,  the  use  of  tantalum  and 
zirconium  fibers  as  reinforcing  sgents  are  of  prime  interest  because 
of  their  extremely  high  melting  temperatures  and  potential  for 
supplying  high  melting  compounds.  The  zirconium  hydride  in 
decomposition  will  produce  an  active  fora  of  elemental  zirconium 
along  with  active  hydrogen.  Since  the  carbon  monoxide  and  carbon 
dioxide  would  probably  hot  fora,  because  of  their  low  enthalpy 
values,  the  hydrogen  from  the  hydride  would  be  released  at  the 
surface  of  the  nozzle  where  it  would  absorb  a  considerable  amount  of 
heat  as  a  result  of  its  high  heat  capacity.  Too  high  a  rate  of 
hydrogen  evolution  could  lead  to  excessive  intumescence  of  the  nozzle 
material,  whereas  too  low  a  rate  would  reduce  the  cooling  effected 
by  heat  absorption  by  the  hydrogen.  In  either  event,  the  erosion 
rate  would  tend  to  Increase.  The  optimum  rate  of  hydrogen  release 
would  therefore,  be  an  intermediate  value,  the  net  result  of  which 
would  be  the  lowest  erosion  rate.  Other  metal  hydrides  may  prove 
to  be  superior  to  zirconium  hydride  in  that  they  may  release  hydrogen 
gas  at  more  nearly  the  optimum  rate. 


1 11 


Landry,  Bartel 


BIBLIOGRAPHY 

MARMCO  Rose arch  and  Development  Divioion  of  Telecomputing  Corp. 
Research  and  Development  of  High  Temperature  Structural 
Adhesives. toy  S.  H.  Ruetman,  W.  V.  Wraeidlo  and  H.  H.  Levine, 
NARMCO,  November  30,  1962  (Contract  NOv  6l-0254-c)  . 
UNCLASSIFIED  - 

Prasad,  Sar  Ju  and  Upadhyaya,  Rail  ash  •  Nath,  "Chemistry  of  Vanadium" 
JOURNAL  OF  THE  INDIAN  CHEMICAL  SOCIETY,  Vol.  37,  No.  9, 

(Sept.  I960),  P543  . 

U.  3.  Naval  Ordnance  Test  Station,  Some  Results  of  Applied  Research 
On  Materials  and  Processes  for  Providing  Heat-Resistant  Rocket 
Components,  toy  Engineering  Department,  China  Lake,  Calif.,  NOTS, 
Junel96l,  (KAVORD  Report  63 90,  NOTS  TP  2666,  Supplement  2) 
CONFTDENTIAL 

U.  S.  Naval  Ordnance  Test  Station,  Some  Results  of  Applied  Research 
On  Materials  and  Processes  for  Providing  Heat-Resistant  Rocket 
Components,  toy  Engineering  Department,  China  Lake,  Calif.  NOTS, 
Jhne  1962,  (NAVORD  Report  639O,  NOTS  TP  2863,  Supplement  3) 
CONFIDENTIAL 


PHYSICAL  PROPERTIES  OP  THE  PALLADIUM -HYDROGEN  SYSTEM 


A.  I.  Schindler 

U.  S.  Naval  Research  Laboratory 
Washington,  D.  C. 


I.  Introduction 

It  is  well  known  that  palladium  can  absorb  large 
amounts  of  both  hydrogen  and  deuterium.  At  room  tempera¬ 
ture  palladium  can  absorb  more  than  1000  times  its  own 
volume  of  hydrogen  (or  deuterium)  which  is  equal  to  a 
hydrogen  (or  deuterium)  to  palladium  atom  ratio  of  unity. 

A  two-phase  region  begins  at  low  hydrogen  concentrations 
(H/Pdfe0.03)  and  persists  up  to  an  atom  ratio  of  approxi¬ 
mately  0.6.  The  two  phases  consist  of  a-Pd,  which  has  the 
same  structure  and  approximately  the  same  size  as  pure 
palladium,  and  B-Pd,  which  also  has  the  cubic  structure, 
but  is  10%  larger  in  volume.  Beyond  an  atom  ratio  of  0.6 
only  the  B-Pd  phase  is  detected.  _ 

Worsham,  Wilkinson  and  Shull (1),  using  neutron  diffrac¬ 
tion  techniques,  have  shown  that  in  the  B-Pd  phase  the 
hydrogen  atoms  occupy  octahedral  sites  of  the  face-cen¬ 
tered  cubic  lattice.  See  Fig.  1.  The  B-Pd  phase  is  quite 
stable,  but  the  hydrogen  atoms  can  be  removed  by  heating 
or  by  oxidation.  The  completeness  of  the  recovery  of  the 
a-Pd  phase  has  been  somewhat  obscured  because  of  the  lack 
of  agreement  between  various  investigators.  Some  have 
reported  complete  recovery  after  desorption  (2  )j  while 
others (3)  have  reported  the  persistence  of  a  small  resid¬ 
ual  lattice  expansion.  — - 

Well  known  room  temperature  properties  of  Pd-H  include 
the  linear  decrease  of  the  magnetic  susceptibility  and  the 
almost  linear  increase  of  the  electrical  resistivity  as  a 
function  of  the  hydrogen  content.  The  fact  that  the  mag¬ 
netic  susceptibility  becomes  nogativo  and  levels  off  at  an 
atom  ratio  of  0,6,  coupled  with  the  standard  rigid  band 
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O  •  Pd . 

o  Octahedral  Sites 

o  Tetrahedral  Sites 

Fig,  1  -  Model  showing  the  possible  positions  of 
hydrogen  and  deuterium  in  the  palladium  lattice 
for  8-phase  Pd-H  and  8-phase  Pd-D 

assumption  that  palladium  has  0.6  holes  per  atom  in  the 
d-band,  led  Mott (4)  to  suggest  that  when  the  hydrogen 
atoms  were  absorbed,  they  went  into  the  lattice  completely 
ionized  with  the  stripped  electrons  filling  the  holes  in 
the  d-band.  A1  chough  this  model  seems  to  be  valid*,  it  is 
based  upon  measurements  made  on  a  two-phase  system.  An 
alternate  explanation  for  the  linear  decrease  in  magnetic 
susceptibility  with  hydrogen  content  can  be  given.  The 
magnetic  susceptibility  of  8-Pd  is  found  experimentally 
to  be  small  and  negative,  and  this  does  agree  with  Mott*s 
hypothesis.  Since  the  measurement  of  magnetic  suscopti- 
billty  yields  a  value  which  is  an  average  over  volumo,  the 
linear  decrease  in  the  susceptibility  is  moro  likely  duo 
to  the  proportion  of  a-Pd  to  8-Pd  doercasing  linearly  with 
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hydrogen  content.  Clearly  somo  other  oxporlmontal  ovl- 
donce  to  support  Mott’s  modol  is  in  order. 

Vith  this  aim  in  mind  a  series  of  experiments  was 
begun  which  is  still  in  progress.  Measurements  of  the 
electrical  resistivity,  thermoelectric  power,  and  lattice 
parameter  of  palladium  were  made  as  a  function  of  tempera¬ 
ture  after  charging  with  hydrogen(5),  and  again  following 
desorption (6).  In  the  latest  series  of  experiments,  the 
temperature  dependence  of  the  neutron  scattering  of  palla¬ 
dium  containing  absorbed  hydrogen  and  deuterium^?)  is 
being  examined. 

II.  Electrical  Resistivity  and  Thermoelectric  Power 
of  Pd-H 

a.  Background 

The  original  phase  of  this  investigation  consisted 
in  making  electrical  resistivity  and  thermoelectric  power 
measurements  of  Pd-H  as  a  function  of  hydrogen  concentra¬ 
tion  and  temperature.  In  pure  palladium  the  electrical 
resistivity  versus  temperature  curve  is  concave  downwards 
above  77*K.  This  is  a  normal  consequence  of  the  tempera¬ 
ture  dependence  of  the  s-d  scattering.  Assuming  a  normal 
inverted  d-band,  the  resistivity,  p,  can  be  written (8) 


iv; 


.  -  -p(T>  -  ATd+RcyT^l-l^n^}2]  ~  (1) 

where  AT  arises  from  the  normal  phonon  scattering  and  is 
proportional  to  the  density  of  states  of  the  d-band, 
Nrf(C)»  evaluated  at  the  Fermi  energy,  C.  The  second  part 
of  the  term,  (l+2ayT),  arises  from  the  lattice  expansion; 
a  is  the  coefficient  of  expansion,  r,nd  y  Is  the  Gruneisen 
constant.  The  remaining  portion  of  the  term,  in  the 
square  brackets,  is  a  consequence  of  the  temperature 
dependence  of  the  s-d  scattering,  where  (Ei-£)  is  the 
width  of  the  unfilled  portion  of  the  d-band.  For  a 
transition  metal  like  palladium,  the  term  in  the  square 
brackets,  which  is  dominant,  decreases  with  increasing 
temperature  and  results  in  the  observed  concave  downward 
variation  of  the  resistivity  with  temperature.  If  in 
D-Pd,  as  postulated  by  Mott,  the  d-band  of  palladium  is 
completely  filled  by  the  electrons  stripped  from  the 
hydrogen  atoms,  one  would  obtain  for  the  resistivity, 

p<T)  -  AT(l+2oyT)  (2) 
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Consequently,  the  temperature  dependence  of  the  resistiv¬ 
ity  of  Pd-Ho.e  should  eithor  bo  linear  or  bo  slightly  con¬ 
cave  upwards  (depending  on  the  magnitude  of  2ay), 

In.  spite  of  the  inadequate  theory  of  the  thermoelec¬ 
tric  power,  it  was  aisa  felt  desirable  to  make  such 
measurements  as  a  function  of  temperature  and  nydrogea 
content.  At  high  temperatures  (T  greater  than  the  Debye 
temperature,  0d)  the  simple  formula  for  the  thermoelectric 
power,  S,  is 


S 


v2 k2T  dlnpl 
3  lei  3E  I 


(3) 


Again  assuming  the  dominance  of  the  s-d  scattering  on  the 
resistivity  and  a  normal  inverted  parabolic  d-band,  Eq. (3) 
redhees  to 


S 


v2k2T 

~  <5  vet  "(fcj.-C) 


(4) 


Equation  (4)  would  predict  that  S  should  become  increas¬ 
ingly  negative  as  the  d-band  holes  are  filled  ([Ej-C  ]-♦()). 

b,  Experimental  X^rocedure 

The  electrical  resistivity  and  thermoelectric 
power  measurements  were  made  using  palladium  wires  approx¬ 
imately  0.015”  in  diameter.  Each  sample  was  electrolytic- 
ally  charged  with  hydrogen  in. a  sulfuric  acid  solution 
using  a  platinum  wire  as  the  anode  and  the  sample  as  the 
cathode.  Hydrogen  concentrations  were  determined  by 
vacuum  fusion  procedures.  Thermoelectric  power  measure¬ 
ments  were  wade  relative  to  a  pure  palladium  wire 
(99.99%  Pd),  and  the  absolute  thermoelectric  power  was 
determined  from  this  data  using  the  results  of  Borelius 
and  coworkers (9) .  The  details  of  the  measurements  have 
been- reported  elsewhere (5)  and  will  not  be  repeated  here. 

. -.,c- 

c.  Experimental  Results 

The  electrical  resistivity  of  palladium  containing 
various  amounts  of  hydrogen  is  plotted  as  a  function  of 
temperature  in  Fig,  2,  Only  the  sample  represented  by  the 
uppermost  curve  is  single  phase  (3~Pd),  Note  that  for 
this  sample,  thoro  is  a  maximum  in  the  resistivity  at 
approximately  50°K,  a  minimum  at  90°K,  and  the  aurv-e  is 
concavo  upwards.  As  the  hydrogon  concentration  is 
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Pig.  2  -  The  variation  of  the  electrical  resis¬ 
tivity  as  a  function  of  temperature  for  pure 
palladium  containing  various  amounts  of  absorbed 
hydrogen 

decreased,  the  maximum  shifts  to  higher  temperatures  and 
the  minimum  to  lower  temperatures.  For  a  hydrogen  to 
palladium  atom  ratio  of  0.48  (two-phase)  an  almost  linear 
variation  in  the  resistivity  with  temperature  is  observed. 
Although  this  latter  behavior  was  expected,  for  this 
sample  it  is  probably  only  a  fortuitous  result.  ”  It  prob¬ 
ably  represents  nothing  more  than  the  average  temperature 
dependence  of  the  two  phases  present,  viz.,  concave  up  for 
a-Pd  and  concave  down  for  B-Pd,  In  addition,  it  is  found 
that  the  resistivity  has  been  significantly  Increased  by 
the  absorption  of  hydrogen.  At  4*K,  the  uppermost  curve 
has  a  resistivity  75  times  that  of  pure  palladium  at  the 
same  temperature.  This  would  indicate  that  the  increase 
in  scattering  arising  from  the  hydrogen  ions  more  than 
compensates  for  the  decrease  in  scattering  resulting  from 
d-band  filling.  In  fact,  the  contribution  to  the  resis¬ 
tivity  from  the  hydrogen  ion  scattering  is  almost  two 
orders  of  magnitude  larger  than  the  s-d  scattering  contri¬ 
bution. 


Figure  3  is  a  plot  of  the  thermoelectric  power 
relative  to  palladium  as  a  function  of  temperature  and 
hydrogen  content.  At  H/Pd  equal  to  0,11  a  verv  wide  and 
shallow  minimum  is  found  in  the  vicinity  of  05*K,  As  the 
hydrogen  concentration  is' increased,  this  minimum  becomes 
more  pronounced  and  shifts  toward  lowor  tomporatures.  At 
H/Pd  oqual  to  0,70,  tho  minimum  occurs  at  50*K,  It  should 
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Fig.  3  -  The  variation  of  the  thermoelectric 
power  relative  to  pure  palladium  as  a  function 
of  temperature  for  palladium  containing  various 
amounts  of  absorbed  hydrogen 

also  be  noted  that  the  samples  which  are  in  the  two-phase 
region  (H/Pd-0.11,  0.31,  0.48)  are  grouped  together  with  a 
shallow  minimum  while  the  single-phase  samples  (H/Pd-0.50, 
0.70)  form  a  second  group  with  a  pronounced  minimum.  From 
_  the  similarity  in  behavior  of  the  resistivity  maximum  and 
the  thermoelectric  power  minimum,  it  would  appear  that 
both  anomalies  have  a  common  origin. 

The  absolute  thermoelectric  power  at  various  tem- 
peratures  is  plotted  in  Fig.  4  as  a  function  of  composi¬ 
tion.  The  temperatures  shown  are  in  degrees  Kelvin. 

These  results  have  been  obtained  using  the  relative 
thermoelectric  power  data  obtained  here  in  conjunction 
with  the  absolute  thermoelectric  power  data  of  pure  palla¬ 
dium  of  Borelius,  et  al.(9).  The  data  shown  for  the  com¬ 
position  H/Pd-0  is,  in  fact,  that  of  Borelius.  It  should 
be  noted  that  the  curves  for  temperatures  between  70°K  and 
110*K  have  been  displaced  upwards  for  the  sake  of  clar|.ty. 
At  10* K  a  rather  Weak  maximum7  is  found  for  the  absolute 
thermoelectric  power  between  H/Pd-0,4  and  0.5.  As  the 
temperature  is  increased,  the  absolute  thermoelectric 
power  of  samples  containing  the  low  concentrations  of 
hydrogen  increase  more  rapidly  than  those  containing  the 
high  hydrogen  concentrations.  Consequently,  between 
T-1£*K  and  7-85*K,  the  data  shows  a  rapid  fall-off  at 
H/Pd-0.8.  At  temperatures  greater  than  70*K,  the  absolute 
thermoelectric  powers  for  samples  having  H/Pd  greater  than 
0,48  continue  to  lncroaso,  while  those  of  samples  having 
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2  1  A  A  1  .7 

COMPOSITION  (H/Pd) 


Fig.  4  -  The  variation  of  the  absolute  thermo¬ 
electric  power  as  a  function  of  temperature 
and  hydrogen  content  for  palladium  containing 
absorbed  hydrogen 

H/Pd  less  -  than  0. 48  begin.,  to  decrease.  At  temperatures 
greater  than  95*K,  a  maximum  in  the  absolute  thermoelec¬ 
tric  power  is  -found  at  H/Pd-0. 6.  _ 

c.  Discussion  . 

While  the  results  of  these  measurements  do  not 
conflict  with  Mott’s  hypothesis  of  d-band  filling  via 
electrons  from  the  ionized  hydrogen,  neither  do  they 
offer  a  clear  verification.  In  partial  verification  we 
have: 


(1)  The  appearance  of  the  concave-upwards  nature 
of  the  electrical  resistivity  with  temperature  for 
H/Pd-0. 54  and  0.6.  In  one  case,  H/Pd-0. 48,  an  almost 
linear  variation  was  found.  It  should  be  pointed  out, 
however,  that  this  linear  variation  was  found"  for  a  two- 
phase  sample. 

(2)  The  sharp  fall-oxf  with  composition  of  the 
low  temperature  absolute  thermoelectric  power  at  H/Pd-0. 6 
(again  relying  upon  the  validity  of  the  standard  thermo¬ 
electric  power  thoory). 


1 36 


Schindler 


In  partial  disagreement  wo  havo  tho  maximum  in  tho 
absoluto  thormooloctric  power  at  H/Pd-0,0  lor  tomporaturos 
groator  than  9S*K. 

In  addition  a  now  phenomenon  has  boon  found:  a 
maximum  in  tho  eloctrical  resistivity  and  a  minimum  in  tho 
thermoelectric,  power  In.  t.ha  region,  ol.  T-5Q*K  for  mingle-  . 
phase  8-Pd".  Several  possible  models  can  be  suggested  as 
the  origin  of  these  anomalies.  These  include  a  phase 
transformation,  an  atomic  disordering,  or  an  antiferromag¬ 
netic  transition,  occurring  at  50*K,  Since  neutron  dif¬ 
fraction  can  be  used  to  detect  all  three  types  of  transi¬ 
tions,  such  measurements  were  made. 

III.  Neutron  Diffraction  Studies 

a.  Background 

Neutron  diffraction  examinations  of  palladium  con¬ 
taining  either  absorbed  hydrogen  or  deuterium  have  already 
been  made  at  room  temperature  by  Worsham,  et  al.(l),  and 
more  recently  by  Bergsma  and  Goedkoop(10; .  Their  data 
showed,  at  room  temperature,  that  no  new  diffraction  lines 
appeared,  which  indicated  that  the  absorbed  atoms 
scattered  neutrons  coherently  with  palladium.  Worsham, 
et  al. ,  found  that  the  results  could  be  analyzed  on  the 
basis  of  a  NaCl  structure  with  either  the  hydrogen  or 
deuterium  atoms  occupying  octahedral  sites  in  the  face- 
centered  cubic  structure  of  the  palladium  lattice.'  Tor 
such  a  structure,  the  structure  factor  for  an  (hki) 

ref lectron  can  be  written, 

PhkJl  “  fpdoxp(-bpdSin2e/l2)±(H/Pd)fHexp(-bHSin20/X2)  (5) 

+  for  h,  k,  1  all  even, -for  h,  k,  J l  all  odd 

where  the  f*s  are  neutron  scattering  amplitudes,  b  is  the 
Debye-Waller  temperature  factor,  20  is  the  scattering 
angle,  and  \  is  the  neutron  wavelength.  A  similar  equa¬ 
tion  can  be  written  for  palladium  containing  absorbed 
deuterium.  Since.  fpd  .has_^the. .same  sign  as  fp,  the~re« 
flections  with  even  indices  will  be  enhanced  and  the 
reflections  with  the  odd  indices  will  be  attenuated  for 
palladium  containing  absorbed  deuterium.  On  the  other 
hand,  fpd  has  a  sign  which  is  opposite  to  that  of  fjj,  so 
for  palladium  containing  absorbed  hydrogen  the  reflec¬ 
tions  with  the  odd  indices  will  be  enhanced  and  the 
reflections  with  tho  evon  indices  will  be  attenuated. 

From  their  data,  Worsham,  et  al. ,  concluded  that  the 
absorbed  hydrogen  or  doutorium  atoms  occupied  only 
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octahedral  sites,  In  addition,  thoy  wore  ublo  to  extract 
tho  Dobyo-Wallor  tomporaturo  factor  (b),  from  which  thoy 
wore  able  to  galcuiato  tho  root  moan  squaro  vibrational 
amplitude,  /(tr),  of  the  various  species  of  atoms. 


b  -  8*2/(u°  ) 

(6) 

Their  data  yielded: 

Element 

Sample 

/ft) 

Pd 

Pd 

0.069  A 

Pd 

Pd-H„t7 

0.071 

Pd 

M-D0.66 

0.064 

H 

Pd-H0>7 

0.23 

D 

Pd_D0.66 

0.20 

Bergsma  and  Goedkoop  obtained  data 

which  agreed  quite  well 

with  these  results: 

Pd 

Pd-Ho.« 

0. 10±0.01  A 

H 

Pd'H0.6 

0.24+0. 02 

In  addition  Bergsma  and  Goedkoop  found  the  Debye  tempera¬ 
ture,  8jj,  to  be  approximately  300* K  for  Pd-Ho,6  (which  is 
not  much  larger  than  8iy»275#K  for  pure  palladium). 


In  order  to  determine  the  origin  of  tie  anomalies 
in  the  electrical  resistivity  and  thermoelectric^  power, 
similar  neutron  diffraction  experiments  were  performed  as 
a  function  of  temperature  from  4.2®K  to  room  temper  attire . 
For  normal  metals,  the  integrated  intensities  of  all  the 
diffraction  lines  should  increase  as  the  temperature  is 
lowered.  This  can  easily  be  shown. 


kJghkZ 
Sin8Sin2 8 


(7) 


where  1  is  the  integrated  intensity  under  the  diffraction 
peak,  J  is  the  multiplicity  of  the  diffraction  line,  and 
k  is  an  equipment  constant.  From  Eq.(5),  Eq. (6)  and 
Eq.<7),  one  sees  that  as  the  temperature  is  lowered,  /(u3) 
should  decrease,  7  should  increase,  and  consequently  I 
should  increase.  If  a. phase  transition  or  an^antiforro- 
niagnetid  transition  occurrod  at  tho  critical  "toftporaturo, 


Schindler 


now  diffraction  linos  would  bo  oxpocted  to  appuar  super¬ 
posed  on  tho  normal  tomporaturo  dopundonco, 

b.  Exporimontal  Procoduro 

For  tho  neutron  diffraction  oxporimonts,  sintorod 
right  circular  cylinders-  of  pure  palladium  sponge,  about 
3/4”  diameter  by  1”  high,  were  employed.  These  cylinders 
were  placed  in  quartz  capsules  and  were  repeatedly  heated 
and  cooled  in  the  presence  of  purified  tank  hydrogen  or 
deuterium.  After  the  final  cooling  to  room  temperature, 
the  capsules  were  sealed  off.  Each  sample  was  placed,  in 
turn,  in  a  helium  dewar  arranged  for  neutron  diffraction 
experiments.  By  employing  baths  of  liquid  nitrogen  and 
liquid  helium,  and  by  pumping  on  the  nitrogen,  measure¬ 
ments  could  be  made  at  4.2*K,  50*K  and  77*K.  A  room  tem¬ 
perature,  300#K,  measurement  was  also  made.  The  neutron 
wavelength  used  was  1.09  A,  and  was  obtained  by  Bragg 
reflection  from  a  lead  crystal.  In  the  early  stages  of 
this  experiment,  the  reactor  power  was  100  kilowatts  and 
the  beam  intensity  was  10$  neutrons/minute.  This  was 
later  increased  by  a  factor  of  ten  as  a  result  of  an 
increase  in  reactor  power.  The  initial  observations  con¬ 
sisted  in  scanning  the  diffraction  pattern  between  counter 
angles  of  5°  to  80*.  In  the  later  measurements  the  tem¬ 
perature  dependence  of  the  four  major  diffraction  lines, 
(111),  (113),  (200),  and  (220),  were  carefully  observed. 

c.  Experimental  Results 

During  the  initial  measurements  at  low  reactor 
power  level,  100  KW,  it  was  observed  that  no  new  diffrac¬ 
tion  lines  occurred  between  4,2*K  and  300*K.  However,  it 
was  observed  that  the  temperature  dependence  of  the  (ill) 
line  for  Pd-H  was  clearly  anomalous.  As  the  temperature 
was  lowered,  the  intensity  was  found  to  increase  initially 
and  then  to  decrease  at  50°K.  This  decrease  in  intensity 
appears  to  be  related  to  the  observed  electrical  resis¬ 
tivity  maximum  and  thermoelectric  power  minimum  found 
earlier. 

_  When  the  power  level  of  the  reactor  was  increased 
to  1  megawatt,  it  became  possible  to  clearly  resolve  the 
(111),  (113),  (200),  and  (220)  lines.  The  integrated 
intensities  of  these  lines  at  various  temperatures  are 
shown  in  the  following  table.  For  the  deuterium-palladium 
sample  it  was  not  possible  to  separate  the  (113)  contribu¬ 
tion  from  the  (222)  contribution,  hence  no  value  for 

*(113)  lB  «*«"»• 
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Obsorvod  Intensities  for  Pd-H 


Kef loction 

300*  K 

77*K 

50*K 

4.2*K 

(111) 

2811  t  10 

3585  ±  40 

3064  ±  30 

3599  ±  40 

(200) 

461  i  &*'• 

33*  ±-  3-- 

332.  ±  6 

-  687  ±  7 

(220) 

510  ±  5 

552  ±  5 

550  ±  5 

657  ±  6 

(113) 

1855 

2810 

1826 

2789 

Observed  Intensities  for  Pd-D 

Reflection 

300°K 

77*K 

50#K 

4. 2°K 

(111) 

412  ±  4 

402  ±  4 

626  ±  6 

480  ±  5 

(200) 

2810  ±  20 

2354  ±  22 

2346  ±  22 

2352  ±  22 

(220) 

1820  ±  20 

1912  ±  20 

1970  ±  20 

1959  ±  20 

From  these  results  the  root  mean  square  vibrational  ampli¬ 
tude  can  be  obtained.  At  room  temperature,  we  find  that 
for  palladium  /(u7)  -  0.080  A,  and  for  hydrogen  /(u2)  =* 
0.239  A.  This  is  in  substantial  agreement  with  the 
earlier  quoted  results.  It  is  now  possible  to  clearly 
observe  the  anomalous  temperature  dependences_at  50°K  of 
the  various  reflections.  This  can  best  be  done  by  compar¬ 
ing  the  intensities  for  two  temperatures  which  are  rela¬ 
tively  close  together,  i.e.,  I  at  77°  and  at  50#K.  For 
normal  metals,  one  would  not  expect  large  differences  in 
the  vibrational  amplitudes,  and  consequently  In  the 
observed  intensities,  to  occur  between  these  two  rather 
low  and  substantially  'equal  temperatures.  At  most  one 
would  observe  a  very  small  increase  in  intensity  from  77°K 
to  50°K.  The  observed  variation  in  going  from  77°K  to 
50°K  is  tabulated  as  follows: 

I(lll)  I(113)  X(200)  I(220) 

■  Pd-H  decrease  . decrease  increase^ ^constant 

Pd-D  increase  constant  increase 

As  we  continue  to  go  down  in  temperature,  a  more  normal 
and  positive  change  is  found  in  all  the  observed  reflec¬ 
tions  for  the  Pd-H  sample,  while  a  mixed  behavior  is  found 
for  the  Pd-D  samples, 
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cl.  Discussion 

It  is  cloar  from  tho  data  that  tho  normal  fcompera- 
turo  dopondonco  is  not  found  for  tho  intogratod  intonsi- 
tios.  Nor  can  tho  data  bo  explalnod  by  tho  occurrence  of 
a  phase  transformation  or  any  of  tho  other  possibilitios 
suggested  Mrhtr,  Ho merer-,  it  can  be  shown  that  if-  some 
fraction  of  the  absorbed  atoms  occupy  interstitial  tetra¬ 
hedral  sites,  the  observed  behavior  can  be  explained. 

These  sites  are  located  along  the  body  diagonals  at  the 
positions  (1/4,  1/4,  1/4),  (3/4,  3/4,  3/4),  plus  the  face- 
centered  operations.  See  Fig,  1.  The  diffraction  equa¬ 
tions  now  become: 


F(hki)-fpdexPC-bpdsin20/X2)-n(H/pd)fHexpC-bHSin28A2)  (8) 

for  h,k,^all  odd 


and 

F(hki)-fpdexp(-bpdSin28/X2)±(l-n) (H/Pd)fHexp(-bHSin20/X2) 

+n(H/Pd)fHexp(-bHSin28/X2)  (9) 

for  h,k,<t  all  even 

The  plus-sign  in  Eq, (9)  is  taken  for  h+k+l-4N,  while  the 
sign  is  taken  for  h+k+A/4N,  with  N  an  integer,  n  is  the 
fraction  of  hydrogen  atoms  occupying  octahedral  sites.  A 
similar  set  of  equations  can  be  written  for  palladium  con¬ 
taining  absorbed  deuterium.  For  the  two  observed  reflec¬ 
tions  with  even  indices  Eq, (9)  becomes: 

F(22o)"fPdexP<-bPdSin20/X2)  +  CH/Pd)fHexP(“bHSJLlx20A2)  (10) 

and 

F (200 ) Pdoxp ^~bPdS 1 r2 0 A 2 ^ 

-  +(2n-l)(H/Pd)fHexp(-bHSin20/X2)  ~ *  (11) 

It  can  thus  be  seen  that  if  some  fraction  of  the  hydrogen 
atoms,  (1-n),  shift  from  octahedral  to  tetrahedral  sites, 
F(220)  will  be  unaffected,  F(m)  and  P(H3)  should  de¬ 
crease,  and  F(200)  will  increase.  3uch  atom  movement  would 
thus  result  in  a  decrease  of  I  (ill)  and  I (113) »  an  increosa 
in  1  (200)  and  would  leave  1(220)  unaf footed.  This  is 
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procisoly  what  hay  boon  observed.  Since  tho  sign  of  fo 
is  opposite  to  that  of  f|j,  a  similar  but  opposite  behavior 
would  bo  oxpoctod.  Ono  should  oxpoct  an  increase  in 

*flll)  and  1(113)'  a  docroaae  in  *(200)  antl>  a8ain>  no 
change  in  1(220)  at  tho  critical  tomporaturo.  Hero,  tho 
agreement  of  the  modol  with  tho  observation  is  not  as  good 
as  in  the  Pd-H  case,  Exporimontally  we  find  the  expected 
behavior  only  for  the  temperature  dependence  of  tho  (111) 
diffraction  line.  This  discrepancy  might  result  from  the 
fact  that  since  the  mass  of  the  deuterium  ion  is  greater 
than  that  of  the  hydrogen  ion,  the  diffusion  rate  of 
deuterium  in  palladium  is  lower  than  for  hydrogen  in 
palladium.  It  would  appear  that  some  of  the  observed  dis¬ 
crepancies  found  represent  the  fact  that  equilibrium  has 
not  been  established  during  the  measurement. 

Ill  Electrical  Resistivity  and  Thermoelectric  Power 
after  Hydrogen  Desorption 

a.  Background 

In  order  to  accommodate  the  hydrogen  atoms  on 
interstitial  octahedral  sites  at  room  temperature,  the 
palladium  lattice  expands  linearly  by  approximately  3%. 
This  expansion  can  be  considered  equivalent  to  an  internal 
strain.  As  a  result,  desorption  processes  which  are 
carried  out  at  low  temperatures  may  leave  the  palladium 
lattice  in  a  highly  strained  condition.  Under  such  cir¬ 
cumstances  one  might  expect  large  increases  in  the  elec¬ 
trical  resistivity.  It  has  also  been  shown. that  the 
thermoelectric  power  is. extremely  sensitive  to  lattice 
imperfections (11) .  For  these  reasons,  measurements  of 
the  electrical  resistivity  and  thermoelectric  power  were 
made  on  samples  of  desorbed  palladium.  Finally  to  check 
on  the  reported  hysteresis  effect  in  the  lattice  spacing, 
precision  lattice  parameter  measurements  were  made  on 
annealed  palladium  and  again  on  palladium  after  desorption. 

b.  Experimental  Procedure 

: .All  . measurements  were  made  on  15  rail  diameter, 
99,995%  pure  palladium  wires  in  the  followings  conditions: 
unannealed,  annealed,  charged  with  hydrogen,and  following 
hydrogen  desorption.  The  annealed  condition  was  obtained 
by  heating  the  samples  in  vacuum  at  800*C.  The  samples 
were  then  charged  with  hydrogen  by  tho  electrolytic  method 
described  earlior.  Desorption  was  accomplished  by  heating 
tho  hydrogen- chargod  samplos  in  vacuum  for  periods  of  1/2 
hour  or  loss,  up  to  a  maximum  tomporaturo  of  8009C.  Tho 
comploto  removal  of  tho  hydrogon  was  chockod  ljy  vacuum 
fusion  procedures  and  t>y  X-ray  examination. 
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c.  Experimental  Rosults 

Back  reflection  X-ray  examinations  woro  mado  on 
samples  previously  charged  with  hydrogen  and  then  desorbod. 
Tho  rosults  obtained  conclusively  demonstrate  the  prosenco 
of  a.  hysteresis  effects  In  thru  lxt-Lica^  ,  As  iacreaee  Is 
lattice  dimensions  was  found  which  is  approximately  1  part 
in  4000,  In  agreement  with  earlier  measurements.  Similar 
measurements  made  with  desorbed  palladium,  previously 
charged  with  deuterium,  indicated  a  residual  lattice 
expansion  of  2-3  parts  in  4000. 

The  thermoelectric  power  measurements  are  summar¬ 
ized  in  Fig.  5.  The  upper  curve  shows  the  variation  of 


Fig.  5  -  Shift  of  the  thermoelectric  power  of 
desorbod  palladium  (Pdjj)  from  tho  annealed 
toward  tho  unannealod  value 
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tho  thormooioctric  power  with  temperature  for  a  wimple  of 
hoavily  cold-workoU  palladium  (Pdun) i  whilo  tho  lowest 
curve  ia  that  for  tho  sumo  sample  following  a  9Q0“C, 

2-hour  annoal.  Between  thoso  curvos  ia  a  plot  of  tho 
thormooioctric  power  of  a  samplo  of  palladium  (aftor  tho 
sequence  of  hydrogonation,  followod  by  a  300*C  vacuum 
anneal*  to  romoro  the  hydregen>.  An*  obeiotw*  arhtft  froir  the 
annealed  toward  the  cold-worked  values  is  apparent. 

Figure  6  shows  the  variation  of  resistance  with 
temperature  for  Pdan,  annealed  palladium,  Pdu,  following 
desorption  of  hydrogen,  and  8-phase  palladium.  The 
effects  of  absorbed  hydrogen  on  the  resistivity  of  palla¬ 
dium  is  given  for  completeness  and  is  shown  by  the  elevat¬ 
ed  points.  It  should  be  especially  noted  that  contrary  to 
expectation,  PdjT»  at  room  temper ature* has  a  resistance 
value  8%  lower  than  annealed  palladium.  Denoting  the  dif¬ 
ference  in  resistance  of  annealed  palladium  and  Pdu  by 
AR,  it  is  seen  that  AR  decreases  with  decreasing  temper¬ 
ature.  In  Fig.  7,  which  is  a  magnified  view  of  the  lower 
section  of  Fig.  8,  JAR  l  is  seen  to  go  to  zero  and  then  to 
increase  with  decreasing  temperature.  At  4*K,  Pdu  has  a 
resistance  value  5%  higher  than  that  of  the  same  annealed 
sample.  Values  of  the  slope  dR/dT  were  also  obtained  and 
are  shown  in  Fig.  8.  It  is  seen  that  over  the  entire 
range  indicated,  dR/dT  is  larger  for  the  annealed  Pd  than 
for  Pdu. 

d.  Discussion 


The  electrical  resistivity  of  a  metal  can  be 
written:  —  — 


P  "  P0+PT  (12) 

where  pQ  is  the  residual  resistivity  and  pT  is  the  phonon 
contribution  to  the  resistivity.  The  shift  in  the  thermo¬ 
electric  power  of  Pdu  toward  the  value  for  the  cold- 
worked  palladium  would  suggest  that  the  process  of  absorp¬ 
tion  and  desorption  of  hydrogen  results  in  a  lattice  with 
residual  imperfections.  These  imperfections  „in_the 
lattice  increase' p'0,  and  tffis  is  observed,  since  Pdu  has 
a  higher  resistance  than  annealed  palladium  at  4,2*K. 
However,  if  the  only  difference  in  annealed  palladium  and 
Pdu  were  the  imperfections,  the  phonon  contribution  of 
the  two  states  would  be  tho  same  and  the  resistance  of 
the  desorbed  sample  should  always  be  higher  than  tho 
annealed  sample.  This,  however,  is  not  the  case.  If  one 
writes  p'jt-TCdp/dT) ,  then  (since  dp/dT  for  Pdj=|  A®  smaller 
than  dp/dT  for  annoalod  Pd),  px  for  Pdu  is  soon  to  bo 
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Fig.  6  -  Effect  of  temperature  on  cne  resistance  of  palladium  in  the  following 
states:  annealed,  charged  with  hydrogen,  and  after  hydrogen  desorption 
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Pig.  7  -  Enlarged  view  of  the  resistance  versus 
temperature  curves  of  annealed  palladium  and 
Pdjj  showing  the  variation  of  AR  with' tempera¬ 
ture 
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g,  8  -  Variation  of  the  slope,  dR/dT,  with  temperature  for  palladium  in  the 
annealed  state  and  after  hydrogen  desorption 
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lower  than  that  of  annoalod  palladium.  As  a  result,  tho 
incroaso  in  pQ  for  Pdjj  is  moro  than  compensated  for  by 
tho  docroase  in  p< j,  and  at  room  tomporaturo  Pdii  has  a 
lower  resistivity  than  that  of  annoalod  palladium. 


Phenomenologically,  the  decrease  in  tho  phonon 
contribution  to  the  resistivity  can  be  described  in  terms 
of  the  modifiod  lattice  dynamics  of  tho  palladium  after 
hydrogen  desorption.  The  expanded  lattice  results  in  a 
stiffer  lattice  -  the  hardness  has  been  observed  to 
increase  by  a  factor  of  2  -  and  this  would  suggest  an 
increase  in  the  value  of  8jj.  In  the  case  of  a  simple 
metal  one  can  describe  the  resistivity  in  terms  of  0j). 


or 


(13) 


(14) 


where  M  is  the  atomic  mass.  From  the  temperature  depend¬ 
ence  of  the  resistivity  one  can  obtain  the  value  of  0j), 

The  resistivity  results  shown  above  indicate  an  increase 
in  0n  of  approximately  10*K.  The  observed  increase  in  0p 
results  in  a  decrease  i n.dpx/dT.,  as  has  been.experiment- 
ally  observed.  However,  it  would  be  expected  that  expand¬ 
ing  the  lattice  of  a  normal  metal  should  result .in  a 
"looser*'  lattice  and  0j)  ought  to  decrease. 

It  is  suggested  that  the  expanded  palladium 
lattice  can  cause  a  redistribution  of  s  and  d  electrons 
in  such  a  manner  as  to  fill  the  d-band  to  a  somewhat 
higher  level.  This  would  result  in  a  small  decrease  in 
the  density  of  states  as  well  as  in  the  width  in  energy  of 
the  unfilled  portion  of  the  d-band, (Ei-?>.  From  Eq.(l)  it 
can  be  seen  that  such  a  redistribution  would  result  in  a 
decrease  in  p<j  because  of  a  decrease  in  A  as  .well  as  in 
the  latter  part  of  the  term  in  the  square  brackets.  If 
this  model  is  correct,  such  physical  pro  per  ties. a*  Hall 
coefficient,  electronic  specific  heat  and  magnetic  sus¬ 
ceptibility  should  also  be  affected.  Measurements  of 
these  properties  are  being  planned. 
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APPLICATIONS  OP  RADIOCHEJCtSTRY  TO  SOLUTION  OP 
RADIOLOGICAL  PROBLEMS 

N.  E.  Ballou 

U.  S.  Naval  Radiological  Defense  Laboratory 
San  Francisco,  California 


Radiochemical  techniques  have  been  extensively  applied  to 
the  solution  of  radiological  problems  in  the  areas  of  radiological 
effects  (including  both  early  and  late  time  dose  rates  and  the  in¬ 
fluence  of  base- surge,  fallout,  detonation  conditions,  and  frac¬ 
tionation  on  these)  contamination-decontamination,  and  yields  of 
nuclear  weapon  detonations.  It  is  the  purpose  of  this  paper  to 
describe  the  application  of  radiochemical  techniques  to  determina¬ 
tions  of  those  properties  of  products  of  nuclear  weapon  detonations 
which  are  of  primary  importance  to  radiological  effects  and  contami¬ 
nation-decontamination  and  to  determinations  of  weapon  yields. 

The  earliest  estimates  of  dose  rate  decay  were"  obtained 
from  calculations  based  on  both  theory  and  experimental jlata .  (l) 
Prota  this  came  the  widely  used  approximation  that  the  dose 'rate  for 
the  fission  products  from  nuclear  weapons  detonations  decayed  pro¬ 
portionately  to  t"l*2.  More  precise  calculations  showed  that  the 
exponent  takes  various  values  between  about  -1.0  to  -1.6  rfor  given 
time  intervals  in  the  range  of  one  minute  to  three  years  after 
fission.  (2)  These  calculations  utilized  radiochemi  caily  estab¬ 
lished  half- lives  and  abundances  (fission  yields)  of  the  fission 
product  radionuclides;  the  activity  of  each  radionuclide  was  com¬ 
puted  for  selected  times  after  fission  and  the  total  activity  at 
each  of  the  time  points  was  summed  to  give  the  gross  fission 
product  activity  as  a  function  of  time*  The  contribution  of  each 
fission  product  radionuclide  and  element  to  the  total  fission 
product  activity  was  also  derived  from  these  data. 

In  addition,  the  contributions  of  radionuclides  produced 
by  reactions  of  neutrons  liberated  in  the  detonation  with  bomb  and 
environmental  materials  have  been  found  to  be  significant  in  both 
fission  and  thermonuclear  weapon  detonations.  These  contributions 
have  been  quantitated  by  radiochemical  means.  Especially  large 
deviations  from  decay  rates  of  fission  product  mixture  arise ve  been 
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oboorvod  In  material  produced  in  thormonuclear  dufconationo.  Radio- 
chemical  analyses  have  ohovn  that  these  differences  can  be  ascribed 
largely  to  the  neutron- induced  radionuclides  uranium-239  and 
neptunium-239  vith  smaller  contributions  from  uranium- 24 0,  neptunium- 
240  and  uranixan-237*  These  radionuclides  ire  producod  by  neutron 
reactions  in  uranium-236  and,  in  some  cases,  beta-decay  of  the 
product  radionuclides.  In  thermonuclear  detonations  the  contributions 
tc  the  total  eefcl  ei  tjr  byuranJfcun^gyp  and  nepttt*±un?-239  may  be  a»  higjr 
as  about  sixty  percent  at  particular  times  after  detonation  vhlle 
contributions  from  uranium-240  and  neptunium- 240  may  go  up  to  ebout 
twenty-five  percent;  uranium-237  contributions  are  less  important, 
being  no  more  than  about  ten  percent.  In  fission  weapon  detonations 
only  uranium-239  and  neptunlua-239  make  significant  contributions  to 
the  total  activity.  Their  contributions  may  go  up  to  about  ten  and 
twenty-five  percent,  respectively.  It  should  be  emphasized  that 
large  variations  in  these  contributions  can  be  expected  because  of 
the  variety  in  design  of  nuclear  weapons.  Representative  decay 
curves  for  products  of  thermonuclear  and  fission  weapon  detonations 
and  for  products  of  thermal  neutron  fission  of  uranium-239  are  given 
in  Figure  1  and  are  labelled,  respectively,  T,  F  and  G.  In  nuclear 
detonations  in  seawater  the  predominant  environmental  neutron- Induced 
radionuclide  Is  sodium- 24.  Although  the  fraction  of  the  disintegra¬ 
tions  due  tc  sodium- 24  Is  no  more  than  about  l£  for  fission  weapon 
detonations,  {3)  Its  contribution  to  the  dose  rate  Is  appreciably 
higher  (about  4 p)  due  to  the  very  energetic  gsmm&-rays  associated 
with  Its  decay.  The  decay  curves  of  flsBion  products  and  Induced 
radionuclides  from  a  deep  underwater  nuclear  detonation  are  given  in 
Figure  2. 


Computations  of  gross  fLssion  product  decay  characteristics 
at  times  less  than  about  1  hour  after  fission  are  appreciably  less 
reliable  than  those  for  later  times.  This  is  due  to  the  Incomplete 
data  on  fission  product  radionuclides  present  at  these  shorter  times. 
Because  of  the  operational  importance  of  knowledge  of  such  short 
time  decay  characteristics,  two  approaches  have  been  used  to  obtain 
the  needed  data.  One  is  based  on  theoretical  predictions  of  fission 
product  half-lives  and  abundances,  (4,9)  and  the  other  ie  based  on 
specially  designed  fast  radiochemical  measurements*  (6,7, 8, 9)  In 
the  first  case,  disintegration  rates  for  the  product*  of  thermal 
neutron  fission  of  uranium- 239  have  been  obtained  for  the  time  inter¬ 
val  of  one  second  to  two  hundred  years  after  fission.  In  the  second 
case,  gamma- ray  ionization  rates  and  energy  release  rates  of  the 
products  of  thermal  neutron  fission  of  uranium-235  and  of-plutgfiiua- 
239  have  been  obtained  over  the  time  interval  of  one  second  to  about 
one  day  following  fission. 

In  order  to  assist  in  the  interpretation  and  prediction  of 
effects  radiochemical  measurements  have  been  made  on 
materials  resulting  from  nuclear  detonations  occurring  at  several 
depths  in  shallow  aad  deep  water  and  on  lagoon  bottoms*  (3,10,11,12, 
13,14,19)  Such  measurements  help  to  reveal  the  influence  vof  then© 
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Figure  2  Representative  Decay  Curves  of  Products  of  ITssitm 
Wsspon  Detonations  in  Seawater 
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varying  detonation  conditions  on  done  rates  and  on  the  nature  and 
extent  of  baes- surge,  fallout  and  fractionation,  liovcver,  becnutio  of 
tSie  quits  Halted  number  of  appropriate  nuclear  detonations  occurring 
and  because  of  the  very  great  exponas  and  difficulty  in  performing 
adequate  experimental  measurements  under  immediate  poat-dotonntion 
conditions.  It  is  essentially  impossible  to  moke  satisfactory  measuxe- 
nents  on  composition  and  characteristics  of  debris  at  short  times 
after- detonmticxrr*  Conecy aftiyy  laboratory  measurements  acta  required  . 
to  establish  the  radionuclide  composition  and  characteristics  of  the 
fission  product  mixture  at  early  times  after  fission.  Such  labora¬ 
tory  experiments  have  been  Initiated  and  are  successfully  supplying 
necessary  information. 

Certain  phenomena  In  sub- surface  nuclear  detonations  have 
been  observed  to  have  major  radiological  consequences,  e.g.,  genera¬ 
tion  of  a  base  surge,  entrapment  of  radioactive  debris,  fractiona¬ 
tion.  The  base  surge  arising  from  subsurface  nuclear  detonations  in 
eater  is  of  prime  operational  importance  because  of  the  high  levels 
of  radioactivity  associated  vith  it.  Radiochemical  analyses  and 
decay  measurements  have  shovn  the  base- surge  to  be  markedly  different 
in  radiochemical  composition  and  radiation  characteristics  from  the 
fission  products  of  the  detonation  taken  aa  a  whole.  Such  non- 
representative  distribution  of  constituents  of  bomb  debris  is  desig¬ 
nated  "fractionation".  This  phenomenon  has  been  found  to  be  exten¬ 
sive  and  important  in  surface  and  subsurface  detonations  in  both 
soil  (l6)  and  water.  (10,11,12,13,17)  Fractionation  can  be  explained 
by  the  different  chemical  and  physical  properties  of  the  radioactive 
elements  constituting  the  nuclear  debris.  The  simplest  illustration 
of  this  comes  from. the  behavior  of  rare  gas  fission  products.  For 
example.  In  a  subsurface  detonation  in  water  the  rare  gas  radio¬ 
nuclides  initially  formed,  will  break  the  surface  along  with  other 
gases  and  some  of  the  non-volatile  fission  product  elements.  The 
latter  will  have  been  at  least  partially  scrubbed  outrof  +''«  ascend¬ 
ing  bubble  and  will  be  further  removed  as  the  ejected  watex  fall* 
back  Into  the  ocean.  However,  the  rare  gas  fission  product  elements, 
xenon  a^d  krypton,  have  a  greater  tendency  to  remain  in  the  gas 
phase.  Thus  the  gas  phase  becomes  enriched  4n  the  rare  gas  radio¬ 
nuclides  and  their  descendants.  Is  a-  eonseq .  nee  of  this  the  radia¬ 
tion  characteris  tics  and  the  composition  of  this  portion  of  the 
nuclear  debris  is  markedly  altered. 

The  contamination  behavior  ami  the  effectiveness  of  given 
decontamination  procedures  are  affected  by  the  cbemix^jasapositixm 
and  the  chemical  state  of  the  nuclear  debris .  (lS,19)  The  associa¬ 
tion  of  the  gross  fission  product  mixture  and  of  selected  radio¬ 
nuclides  with  soluble,  colloidal  and  particulate  phases  has  been 
estimated  theoretically  (20),  and  it  has  been  measured  on  material 
frem  laboratory  simulation  of  underwater  nuclear  detonations  (21) 
and  on  material  collected  from  subsurface  detonations  in  deep  water 
and  on  lagoon  bottoms.  (3,11,12,22)  General  agreement  has  been 
observed  among  theoretical  estimates  and  results  froc^tbe  simulation 
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experiments  and  from  actual  detonation*.  In  a  deep  vntor  dotonatlon 
from  35-^5^  of  tho  fins ion  product  activity  vus  found  to  bo  in  the 
soluble  state;  wi  th  tho  higher  oolubilitioo  occurring  at  later  timon 
after  detonation;  i.o.;  2  vooka  or  more.  Distributions  of  total 
act*v\ty  with  particle  size  wore  determined  in  a  deep  voter  and  in  a 
I 'goon  bottom  (coral)  detonation.  In  the  fonaer  thore  was  a  gradual 
dr'reaoe  in  fraction  of  activity  associated  with  particles  in  the 
'  lx.  e  range '0.00?  p  to  2GTjl.  In  the  lagoon  Dottom  event,  activity 
rea lining  suspended  at  two  hours  after  detonation  vas  found  to  be 
associated  vith  two  groups  of  particles  having  sizes  in  the  neighbor¬ 
hood  of  0.002  ii  and  at  about  10  (i. 

Oxidation  states  have  been  found  to  be  important  in  the 
contamination  and  decontamination  behavior  of  certain  elements. (lB, 
19)  Examples  are  neptunium  and  iodine.  A  limited  number  of  measure¬ 
ments  of  this  property  have  been  made  on  material  from  nuclear 
detonations.  (3>  11,23)  Neptunium  vas  found  to  be  predominantly  in 
the  V  and/or  VI  state  and  uranium  vas  mainly  in  the  VI  state. 

Iodine  vas  found  to  varying  degrees  in  its  different  oxidation  states 
depending  on  the  age  of  the  material. 

The  primary  means  by  vhich  the  yield  of  a  fission  veapon 
is  determined  is  by  the  use  of  radiochemical  measurements.  Other 
types  of  measurements  are  calibrated  In  respect  to  the  radiochemi- 
cally  determined  yield.  In  the  radiochemical  methods  two  principle 
quantities  must  be  determined,  i.e.,  (a)  the  number  of  fission  events 
vhich  produce  the  fission  products  in  a  collected  sample  and  (b)  the 
fraction  of  the  bomb  debris  represented  by  the  sample.  From  this 
is  calculated  the  total  number  of  fission  events  in  the  detonation 
and  thus  the  yield. 

The  number  pf_flssion .events, represented  by  a  sample  is 
determined  by  measurements  of  selected  fission  product  radionuclides 
vhose  fission  yields  are  veil  known.  Molybdenum- 99  and  neodymium- 
lA7  serve  veil  for  this  purpose.  The  fraction  of  the  homb  is  deter¬ 
mined  from  measurement  in  the  sample  of  the  amount  of  an  element 
vhich  vas  originally  present  in  a  knovn  amount  in  the  nuclear  veapon. 
Ur»niua-235  and  plutonium-239  are  utilized  for  this  purpose.  Because 
of  the  presence  of  uraniun  in  seawater  and  the  great  dilution  of  the 
weapon  debris  in  a  detonation,  uranium-235  has  not  been  found  to  be 
very  useable  in  underwater  detonations  and  primary  use  is  made  of 
pi«tontua-239« 

la  addition  to  the  measurements,  of  fission  monitors  sad 
bomb  fraction  indicators  a  vide  variety  of  other  radiochemical 
analyses  must  be  performed  because  of  (a)  the  many  nuclear  reactions 
other  than  fission  vhich  occur  in  a  nuclear  veapon  detonation,  (b) 
the  presence  of  more  than  one  fissionable  element  in  a  veapon,  and 
(c)  fractionation ♦  As  examples  of  the  perturbing  affects  of  other 
nuclear  reactions,  one  can  consider  the  loss  of  plutonium-239 
uranium- 235'by  (n,?)  and  (n,2n)  reactions,  the  production  or 


Ballou 


plutonium-239  by  neutron  capturo  in  uranium-230  and  the  production 
of  plutonium-240  by  double  (n,y)  procoooeo  on  uraniun-23o«  Oinco 
there  are  sene  variation!)  in  fiooion  yioldo  of  the  fiooion  monitors 
in  fission  of  different  nuclidoo,  the  fraction  of  fiaoions  contributed 
by  each  of  the  fiosile  nuclides  in  a  device  muat  be  established.  One 
way  to  do  thia.iJk.UjL  radio  chemically  detemlno  relative  amounts  of 
radionuclides  vhose  production  is  sensitive  to  the  fissioning-  mwiidet 
Examples  of  such  are  silver-111,  cadmium-115  and  europium- 15o.  Frac¬ 
tionation  among  the  fission  products  or  between  the  fission  monitors 
and  the  boob  fraction  indicators  will  clearly  distort  any  weapon  yield 
value.  Analyses  for  such  elements  as  bariua-lU),  strontium-09,  and 
zirconium- 95  serve  to  establish  the  existence  and  extent  of  frac¬ 
tionation.  If  such  occurs,  corrections  for  it  may  be  derived  from 
empirically  established  fractionation  correlations  provided  frac¬ 
tionation  is  not  too  severe.  Mass  spectrometric  analyses  are  made 
also  in  order  to  establish  Isotopic  ratios  in  uranium  and  plutonium. 
The  resulting  data  provide  information  on  the  extent  of  various 
nuclear  reactions  occurring  in  those  elements,  in  addition  to  per¬ 
mitting  further  interpretation  of  certain  radiation  measurements 
(e.g.,  alpha  pulse  height  analyses  of  plutonium- 2 39,  24c). 

In  s unwary,  the  application  of  radiochemistry  to  the 
definition  of  properties  of  nuclear  weapons  debris  has  been  described. 
Properties  selected  as  of  importance  to  radiological  effects  Include 
dose  rates,  radionuclide  composition  (fission  product  and  neutron 
Induced  radionuclides),  fractionation,  and  physical  and  chemical 
states  (solubilities  and  oxidation  states).  In  addition,  the  radio¬ 
chemical  method  for  determination  of  fission  weapon  yields  has  been 
outlined. 
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CONTROL  OP  ELEMENT  VELOCITY  DISTRIFJTIONS  IN  SONAR  PROJECTOR  ARRAYS 
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1.  INTRODUCTION 

In  acoustic  projector  arrays,  any  particular  directivity  pattern 
and  source  level  dictates  a  set  of  radiating  head  velocities  v, , 

V2 v  , ...,  vn,  or  briefly  [v_] .  To  realize  such  a  set  of  nead 
velocities  in  an  array  of  identical  electromechanical  radiators,  it 
is  a  practical  necessity  that  the  head  velocity  of  each  radiator  be 
proportional  to  its  corresponding  driving  voltage  or  current,  and 
further  that  the  proportionally  factor  be  identical  for  each  radiator 
of  the  array.  Thus,  when  the  proportionality  factor  is  known,  the 
required  set  of  driving  voltages  or  currents,  [Ep]  or  [ipj  can  be 
computed  from  the  required  set  of  head  velocities,  [v  J .  When  this 
condition  prevails,  we  will  say  that  voltage  velocity^control 
or  current  velocity  control  has  been  achieved. 

It  is  an  unfortunate  fact  of  life  that  for  an  important  class  of 
arrays,  namely  those  whose  elements  are  closely  packed  and  whose  head 
dimensions  are  small  compared  to  X,  (the  wave  length  of  sound  in  water 
at  operating  frequency),  the  above  factor  of  proportionality  is  not 
likely  to  be  the  same  for  each  radiator  of  the  array  but  changes  from 
radiator  to  radiator  across  the  array.  This  is  a  most  unsatisfactory 
state  of  affairs,  and  the  intent  of  this  paper  is  to  show  why  this 
is  the  case  and  to  recommend  corrective  measures. 

When,  the  factor  of  proportionality  varies  from  radiator  to 
radiator,  the  set  of  driving  voltages  or  currents  fails  tc  yield  the 
anticipated  set  of  head  velocities,  the  radiation  impedances  computed 
for  the  anticipated  set  of  head  velocities  are  incorrect  for  the. 
actual  head' Velocities,  and  the  resulting  comedy  of  errors  leads  to 
chaos.  The  head  velocities  range  in  both  magnitude  and  phase  "from 
very  email  values  to  sufficiently  large  values  to  cause  structural 
damage,  even  at  low  drive  levels.  Expected  acoustic  source  levels, 
patterns  and  bandvidths  are  not  realized,  and  electric  input  imped¬ 
ance  phase  angles  will  be  much  larger  than  anticipated,  sometimes 
exceeding  +  90  degrees. 

For  definiteness,  we  will  center  our  attention  on  piezoelectric 
radiators,  but  the  principles  involved  apply  equally  wall  to  all 


1 58 


Caroon,  Martin,  Donthlon,  Hickman 


types. 


(1) 


2.  DIAGNOSIS 

Regardless  of  how  complicated  a  piezoelectric  radiator  of  an 
array  may  be,  it  can  be  reduced  to  the  four  terminal  Tee  network 
shown  in  Fig.  1,<  which  iaplier  the  equations 

and 

*  -gr  (3*1 +  IcW 

where  Ep,  L,,  vp  and  z_  are,  respectively,  the  driving  voltage  and 
current,  the  head  velocity,  and  the  radiation  impedance  associated 
with  the  typical  or  p**1  radiator. 


(a-0 

(a.  a.) 


1 _ J 


Fig.  1.  Four  terminal  electromechanical  equivalent  circuit  of 
an  acoustic-  radiator. 

On  the  other  hand,  Z^,  0,  and  are,  respectively,  the  blocked 
electrical  impedance,  the  electromechanical  coupling  impedance,  and 
the  mechanical  impedance,  which,  for  a  given  radiator,  depend  only 
on  frequency  and  are  the  same  for  all  radiators  of  the  array. 
Equations  i2.l)  and  ^2.2)  show  the  proportionality  factor  for  voltage 
drive  and  for  current  drive,  respectively.  By  inspection,  if,  by 
accident  or  design. 
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prcvaila  over  tho  fr.eauency  band  of  interest  for  a  given  set  of  head 
velocities,  then,  the  proportionality  factor  in  { 2.x )  wotdd  be- 
approximately  tho  oome  for  all  radiators  of  tho  array  and  voltage 
velocity  control  could  be  said  to  be  inherent  in  the  design.  Simi¬ 
larly,  if 


w  * . ^  M 

holds  over  the  frequency  band  of  interest,  the  factor  of  proportion¬ 
ality  in  (2.2)  would  be  approximately  the  same  for  all  radiators  and 
we  would  say  that  current  velocity  control  is  inherent  in  the  design. 

This  completes  our  diagnosis.  If  a  given  array  suffers  from 
poor  voltage  velocity  control,  then  (2.3)  does  not  hold.  If  it 
suffers  from  poor  current  velocity  control,  then  (2.4)  does  not  hold. 
This  admittedly  trivial  observation  is,  nevertheless,  the  crux  of  the 
current  widespread  velocity  control  failures  in  modern  low  frequency 
high  power  sonar  projector  arrays. 

3.  CURES 

The  title  of  this  -sect  ion  implies  that  our  concern  is.jd.th  arrays 
suffering  from  poor  velocity  control.  Remarks  about  other  arrays  will 
be  reserved  for  a  later  section.  .  , 

From  section  2,  we  can  be  sure  that  poor  voltage  and/or  current 
velocity  control  implies  that  the  set  of  radiation  impedances  | , 
is  not  a-  set  of  identical  numbers,  and  that  (2.3)  and/or  (2.4)  do 
not  hold. _ 

There  are  three  approaches  to  a  cure. 

Cure  A:  For  a  given  set  of  velocities,  [vp],  use 
(2  JL)  or  {2*2)  to  determine  the  required  set  of 
driving  voltages,  [£p]  or  currents  [lpl,  which  will 
yield  Tvpl‘  ®iea  a  set  of  amplifiers,  one 

for  eacn  radiator,  which  will  supply  jEp}  or  [ip] 
regardless  of  the  set  of  radiation  impedances  . 

Cure  B:  Attempt  to  achieve  the  equivalent  of  the . 

condition  (2.3)  and/or  (2.4). 

Cure  C:  Attempt  to  alter  [z  ]  in  ouch  a  way  that 
all  radiation  impedances  ore  alike. 

Cure  A  is  conceptually  elementary,  but  may  be  extremely -„,t 
difficult  to  achlevo.  In  thio  connection,  wu  are  studying  the 
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possibilities  of  foodback  from  an  accoloromotor  imbedded  in  each 
radiating  huad.  Tho  signal  from  tho  accelerometer  on  the 
radiating  hand  io  fed  baok  to  the  driving  amplifier  of  tho 
radiator  ouch  that  the  phaoe  and  magnitude  of  vp  will  remain  constant 
relative  to  some  reference.  v 

Cure  B  haa  received  our  special  attention  to  date  and  will  be 
understood  iron  the-  following*  A.  ceramic.  LCRA&  array  was  suffering 
from  poor  voltage  velocity  control.  We  asked  if  sane  circuitry  could 
be  inserted  between  the  radiator  and  its  amplifier  such  that  voltage 
velocity  control  could  be  achieved  between  vp  and  some  new  voltage*.,. 
Ep,  other  than  Ep.  Carson's  work  on  variable  reluctance  radiators'1' 
suggested  that  a  series  inductor,  Lc,  should  offer  some  promise.  So 
a  mathematical  experiment  was  performed  with  a  series  Le  as  shown 
in  Pig.  2. 


Pig.  2.  Four  terminal  electromechanical  equivalent  circuit  with 
a  voltage  velocity  control  inductor. 

From  Fig.  2r  one  can  write 


or  equivalently, 


-sic.  -  '  * 


i 


) 
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Thun  (2.6)  taken  that  form 


where  the  internal  impedance^,  is  given  by 


/*<*>' L+)~  3m"  57?prt* 

Evidently,  if  Lc  cam  be  selected  so  that 


i  /V\, 


(3. 3) 


(3-  +  ) 


(3.  S’) 


holds  for  every  radiator  of  the  array  over  the  operational  frequency 
band  and  for  every  required  velocity  distribution  [vp],  then  voltage 
velocity  control  between  Ep  and  vp  will  have  been  achieved.  We 
selected  a  mid  band  frequency,  u0,  and  computed  Lc  to  maximize 
|u(Up,L(;)|.  Then  for  w0,  we  computed  the  set  of  radiation  impedance 
magnitudes,  [|zp(oJ0)|] ,  for  every  radiator  of  the  array  for  every  set 
of  required  velocity  distributions.  We  let  | ^p(a)0 ).| rna_x  denote  the 
maximum  of  all  of  these  radiation  impedance  magnitudes  and  then 
observed  that  . 


did  indeed  hold,  L^Mq)  denotes  the  I>c  selected  to  maximize  |u|  at 
wl,.  Hext  we  computed  ju^/L^Up))}  and  jzp(ta) over  the  operation¬ 
al  frequency  band  end  found,  to  our  delight,  that 


yCc L-c ))  ->^>|^(  uj) 


'Vvvay 


(3-7) 


held  sufficiently  throughout  the  bond  for  every  set  of  velocity 
distributions  required.  We  then  procured  n  of  thcoo  identical 
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inductorc,  each  of  v.iluo  LQ{ui0),  Inserted  one  uuch  Inductor  in 
series  with  each  radiator,  and  were  able  to  verify  experimentally 
that  voltage  velocity  control  had  indeed  been  achieved.  It  wna 
found  that  the  mid  band  frequency  choice  for  w0  was  not  nccoooarily 
the  boot  for  balanced  velocity  control  over  a  band,  and  that  email 
adjustments  in  u0  resulted  in  some  improvement.  Of  couroo  a  new 
choice  of  w0  Implied  a  new  choice  of  Lc  to  maximize* 

We  observe  that  a  series  inductor  is  no  cure-all  for  velocity 
control.  In  particular,  it  would  make  no  contribution  whatever  to 
current  velocity  control,  since,  by  inspection,  (2.2)  holds  for 
both  Pig.  1  and  Fig.  2  ^nd  Lc  does  not  even  appear  in  (2.2).  Further¬ 
more,  it  is  conceivable  that  Lc(w0)  could  have  failed  to  produce  the 
inequality  (2.10),  in  which  case  the  series  Lc  scheme  for  voltage 
velocity  control  would  have  failed.  On  the  other  hand,  some  other 
additive  electric  circuitry  might  have  achieved  voltage  velocity 
control,  where  Lc  failed  to  do  so. 

For  purposes  of  illustration,  let  us  suppose  that  the  above 
LORAD  array  had  been  known  to  be  suffering  from  poor  current  velocity 
control.  This  was  of  no  interest  to  us,  since  we  were  only  interested 
in  voltage  drive.  Nevertheless,  the  following  scheme  could  have  been 
considered.  One  could  have  examined  mathematically  the  effects  of 
some  shunting  reactor  put  across  each  radiator.  Let  us  suppose,  as 
shown  in  Fig.  3,  that  a  shunting  reactance,  Zc,  has  been  added. 


I _ I 


Fig.  3.  Four  terminal  electromechanical  equivalent  circuit  with 
a  current  velocity  control  reactance,  Zc.  ~ 
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Figure  3  implies  the  relations 


First  we  note  that  since  Zc  fails  to  appear  in  (3.8),  a  shunting 
reactance  can  have  no  effect  on  voltage  velocity  control.  A  compari¬ 
son  of  the  forms  of  (3*2)  and.  (3*9)  shows,  by  inspection,  that  current 
velocity  control  will  be  achieved  in  the  latter  if  Zc  »  JuLc,  where 
Lc  is  the  same  inductor  which  achieved  voltage  velocity  control  in 
(3.2).  In  (3.9),  of  course,  Lc  must  be  a  shunting  inductor. 

Evidently  (3*9)  car.  be  expressed  in  the  form 


where  u  is  defined  by  (3*^)  and  Lc  a  Lc(w0),  as  before. 

Before  discussing  Cure  C,  it  will  be  helpful  to  outline  some 
known  facts  about  radiation  impedance.  It  can  be  shown  that 

where  f  is  the  water  borne  force  on  the  p4^  radiating  head  result¬ 
ing  from  the  vibration  of  the  radiating rheads  of  the  array.—  Tfte- 
coefficient,  Zp«,  is  the  negative  of  the.  ratio  of  the  water  borne 
force  on  the  p*h  head  resulting  from  the  vibration  of  the  a^“  head, 
to  the  head  velocity  of  the  a™  head.  When  p  »  a,  we  call  Zpa  the 
self  impedance  of  the  radiator.  The  z_a  are  dependent  on  array 
geometry,  but  aro  independent  of  all  head  velocities.  The  equation, 
(3. 11'# can  be  extended  to 
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which  defines  the  radiation  impedance,  a.,,  A  further  breakdown  of 
(3.12)gives  ^ 


where  the  prime  to  the  left  of  Z?  ,  denotes  omission  of  a  a  p  from 
the  summation.  From  (3-12)and  (3*13)we  write 

V =  V  +  ?  +  Ii>  (3- 


which  defines  z  as  that  part  of  z~  other  than  the  self  impedance, 

2pp.  Evidently1^,  depends  on  the  whole  set  of  head  velocities.  Since 
we  are  supposing  all  radiators  are  identical,  we  have 

l"  *  r  *  ...  (3/<) 


Now  let  us  examine  the  possibilities  of  achieving  Cure  C.  One 
suggestion,  which  was  communicated  to  the  authors  by  Dr.  A.  G.  Emslle 
of  the  Arthur  D.  Little  Company,  can  be  outlined  as  follows.  From 
(3*12),  we  see  that  z.  is  &  function  of  the  whole  set  of  head 
velocities,  [v_J .  One  could  ask  if  [vp]  could  be  selected  for  a 
given  array  ana  frequency,  such  that  all  radiation  impedances  would 
equal  the  same  complex  number,  p,  to  be  determined.  TJhus  ye  seek  a 
set  [vp] ,  satisfying  the  n  simultaneous  linear  homogehiOua;  equations 
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This  equation  reduces  to  a  polynomial  or  n^1  degrou  p  with  cooffi* 
olonta  which  depond  on  the  inpodancoo,  a_-.  Equation  (3*16)  can 
be  rewritten  to  emphasize  thlo  polynomltuin  the  form 


P(<N 


(.1.17) 


Now  (3.17)  will  certainly  have  one  solution  and  In  general  will  have 
n  solutions,  p., . ..,  pn.  Corresponding  to  each  there  will  be  a 
velocity  distribution,  [v-].,  such  that 


y  ,  ^  e 


C i.i%) 


The  set,  [v  1 and  the  solution,  p^,  could  be  substituted  in  (2.1 
or  (2.2)  and  the  appropriate  driving  voltages,  [eJ.,  or  currents, 
[ipJi,  could  be  determined  from  ^ 


(3.11) 


(d'lo) 


This  scheme  la  theoretically  possible,  but.  has  some  serious 
practical  difficulties.  Ordinarily,  the  set  of  directivity  patterns 
required  of  an  array  is  given  as  part  of  the  design  specifications. 
Usually  there  will  be  a  pattern  for  each  direction  of  transmission, 
and  these  different  patterns  are  often  achieved  by  critical,  adjust¬ 
ment  of  the  relative  phases  and  magnitudes  of  the  head  velocities. 
Thus,  complete  freedom  of  selection  of  the  set  of  head  velocities  is 
usually  mandatory.  It  is  evident  that  the  velocity  control  scheme 
under  discussion  limits  our  velocities  to  the  particular  derived 
sets,  [v«3i>  correcponding  to  Pi>***/Pn>  ond  R00®  those  sets  were 
selectable  by  us.  It  would  be  fortuitous  if  any  of  tho  derived. sots 
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OJ,’  hood  velocities  coincided  with  any  or  the  cuts  or  bond  vnlocttiuu 
dictated  by  the  daoign  specification)}.  In  other  words,  this  scheme 
of  velocity  control  procludea  phaoo  steering  and  in  tenoral  ailowo  no 
freedom  of  choico  in  the  oelection  of  velocity  dlotributiono.  More¬ 
over,  it  requires  that  we  be  able  to  supply,  corresponding  to  pj_, 

•  required  set  of  voltages,  fE_K,  or  currcnto  (lp] , ,  to  achieve 
'.no  derived  set  of  velocities  [vi]..  One  may  well  ask,  if  wo  have 
this  essentially  unlimited  ability  Ho  provide  driving  voltages  or 
currents,  shy  limit  ourselves  in  our  choice  of  velocity  distributions? 
Why  nut  use  Cure  A  and  be  done  with  It?  In  spite  of  these  disad¬ 
vantages,  the  idea  of  identical  radiation  impedances  is  intriguing, 
and  if  it  should  happen  that  one  of  the  derived  velocity  distributions 
coincided  with  one  dictated  by  the  design  specifications,  this  know¬ 
ledge  might  be  very  useful. 

.here  is  another  way  to  realize  Cure  C  which  also  is  theoreti¬ 
cally  possible,  but  quite  unacceptable.  It  can  be  shown,  relative 
to  (3*1*0,  that 


|  ^|»)  J  '  'j  •••->  'VV  ^•5/) 

will  hold  if  the  radiators  are  sufficiently  removed  from  each  other, 
or  if  the  radiating  heads  have  dimensions  which  are  a  large  fraction 
of  X  (the  wave  length  of  sound  in  water).  Equations  (3.21)  and  (3*1*0 
Imply,  to  first  order,  that 

I1*  “  fa  J  (*•«*) 


or,  by  (3*15)>  that  ell  radiation  impedances  are  alike  and  equal  to 
the  self  impedance  of  a  single  radiator.  It  is  well  known,  that  the 
self  impedance  of  a  radiator  whose  head  dimensions  are  a  small 
fraction  of  X,  la  largely  reactive  with  only  a  small  resistive  com¬ 
ponent.  These  undesirable  characgcristics  disappear  if  the  radiating 
head  dimensions  are  a  largo  fraction  of  X.  Thus  since  the  array  under 
consideration  has  poor  velocity  control,  the  radiation  Impedances 
oust  differ  ..over  the  array,  so  (3*22)  could  not  hold  and  _we  must 
conclude  that  our  sick  array  oust  have  heads  which  ore  a  small 
fraction  of  X,  and  the  array 'must  be  tightly  packed.  -Thus, -to  be 
sure,  one  could  achieve  good  velocity  control  by  simply  separating 
the  radiators  sufficiently  from  each  other.  One  might  say  that 
separating  radiators  alters  array  geometry  and  thus  violates  the 
rules  of  our  gam?.  But  moro  to  the  point,  the  separated  radiators 
will  see  only  their  self  Impedance,  which  will  be  highly  reactive 
with  small  resistive  component,  since  the  radiating  hcadn  aro  omull. 
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Finally#  then#  poor  velocity  control  can  bo  cured  by  spreading  tlio 
radiators  apart#  but  nrrny  efficiency#  bandwtdtha,  and  realisable 
oourcc  levol  will  all  suffer  an  unaccoptablo  denudation. 

In  summary#  we  can  any  that  Cure  A  la  cxccllunt,  provided  wo 
can  acquire  driving  amplifiers  which  will  cupply  exactly  tho  required 
rot  of  voltaren  or  currents  specified  "ay  (2.1)  or  {?*Z)  to  force" the 
radiators  to  have  the  required  act  of  velocities.  Of  course#  in  thla 
event#  even  if  all  head  velocities  arc  identical#  the  oet  of  voltages 
or  currents  will  vary  in  magnitude  and  phase  from  radiator  to  radiator 
following  the  changing  radiation  impedances.  Cure  B  has  been  used 
successfully  in  a  large  LORAD  variable  reluctance  array  and  in  the 
large  LORAD  ceramic  array  now  operating  with  good  velocity  control 
aboard  the  submarine#  BAYA.  This  Cure  ia  relatively  inexpensive, 
and  perhaps  offers  the  best  overall  solution  to  velocity  control. 

The  approach  to  Cure  C  which  attempts  to  force  all  radiation  imped¬ 
ances  to  be  alike  may  offer  sane  promise  in  certain  special  cases, 
but  the  idea  of  loosely  packing  the  radiators  to  force  uniformity  of 
radiation  impedance  appears  to  offer  no  promise  whatever. 

We  have  devoted  our  entire  discussion  to  arrays  which  ex  st  and 
which  exhibit  p~or  velocity  control.  Of  course,  when  starting  a  new 
design,  one  should  consider  carefully  the  possibility  of  using  radi¬ 
ators  with  large  head  dimensions  to  avoid  the  need  for  a  scheme  of 
velocity  control.  Some  obvious  problems  at  low  frequency  with  large 
radiators  are  their  large  weight  with  attendant  handling  difficulties# 
as  well  as  the  fact  that  it  is  not  easy  to  avoid  spurious  modes  of 
vibration  in  large  vibratory  structures.  Then,  too#  the  larger 
radiating  heads  tend  to  limit  beam  pattern  formation  and  controls  of 
phase  steering. 

4.  DISCUSSION 

r ■» 

To  keep  the  central  ideas  of  our  paper  before  us#  we  have  ... 
consciously  delayed  remarks  which  would  have  a  diverting  influence. 

Now  seems  an  appropriate  time  to  pick  up  these  threads. 

In  World  War  II  ultrasonic  arrays#  the  dimensions  of  radiator 
heads  were  set  by  the  size  of  available  crystals  on  magnetostrictive 
rods.  Fortuitously#  these  dimensions  were  rarely  less  than  an  inch# 
which  at  ultrasonic  frequencies  was  a  large  fraction  of  Thus#  in 
such  arrays#  velocity  control  was  never  a  problem,  since  (3.21)  held, 
albeit  accidentally'.  By  adequate  but  crude  techniques#  as  compared 
with, our  current  methods,  a  single  radiation  impedance,  z#  was.  com¬ 
puted#  and  every  radiator  was  assumed  co  have  this  same  impedance. 
TPen#  by  filter  techniques#  a  projector  sensitivity  bandwidtft  was 
computed  from  Fig.  1#  using  z  as  the  radiation  Impedance#  and  this 
was  taken  as  the  theoretical  bandwidth  of  the  array.  Ultrasonic 
arrays  designed  in  this  manner  exhibited  calibrated  sensitivity 
band’fidths  which  compared  woll  with  theoretical  predictions.  As 
operational  frequencies  dropped  and  array  oizos  increased,  radiator 
head  dimensions  failed  to  Increase  proportionally#  with  tho  rooult 
head  dimensions  soon  measured  a  small  fraction  of  It  was 
realizod  that#  at  these  lower  frequencies#  radiation  Impedances  would 
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differ  i'rom  clumuut  to  element,  ana,  indcud,  individual.  radiation 
impedances  wore  computed  for  each  radiator  on  the  faulty  premLse  tnat 
good  velocity  control  wtui  inherent  in  all  arrays*  The  common 
practice  wni!  to  determine  name  mean  value,  z,  ol’  the  whole  net  o f 
computed  radiation  impedances.  This  vtU.no  was  inserted  for  Zp  in 
Fig*  1,  and  ao  before,  filter  techniques  wore  used  to  compute  a 
theoretical  oraiector  sensitivity  bandwidth  which  again  was  thought 
to  be  tha  operational  bandwidth  or  tnc  array',  ui  course)  tnts  band¬ 
width  never  came  close  to  being  realized  in  practice,  because,  In 
the  chaos  of  poor  velocity  control,  sensitivity  bandwidth  in  the 
above  sense  lost  all  meaning. 

The  lengthy  discussion  in  the  last  paragraph  was  intended  to 
set  the  stage  for  a  more  realistic  examination  of  bandwidth .  We 
have  seen  that  good  velocity  control  will  be  realized  only  over  that 
band  for  which  (3 • 5 )  holds.  Such  a  band  will  be  called,  velocity 
control  bandwidth,  for  identification.  Our  experience  to  date 
indicates  that  the  velocity  control  bandwidth  tends  to  be  narrower 
than  the  sensitivity  bandwidth  discussed  in  the  preceding  paragraph. 

The  crux  of  the  matter  is  that  any  bandwidth,  however  computed, 
which  exceeds  the  velocity  control  bandwidth  has  no  operational 
significance,  since  the  actual  array  performance  completely  deteri¬ 
orates  outside  the  velocity  control  band. 

It  might  appear  that  velocity  control  based  on  the  conditio^.  , 

(3-: 

in 


iz  mignx  appear  znaz  velocity  control  oasea  on  the  condition. 
.5)  would  imply  a  marked  reduction  in  voltage  sensitivity,  lvp/Epi 
(3.3)  or  current  sensitivity,  |v  /il|  in  (3. 10).  This  is  not 


It! 


is  maximized  by  that 
Inspection  of  (3*3)  and 


VJ’J/  — - - - - -  >  I  "ni  -p 

the  case,  however,  for,  to  first  order, 
choice  of  2cwhich  maximizes  jl/(Zn  +  zc  . 

(3.10)  shows  that  this  same  choice  of  Zc  maximizes  the_effective 
driving  voltage  and  current,-  Jc-IL /(ZH  +  Zc)|  and  Iz^lp/fz^  +  ZC)J. 
So  the  magnitudes  of  the  internal  impedance,  |p|,  as  well  as  the 
effective  driving  voltage  and  current  all  increase  with  J l/ +  Zc)|. 

Velocity  control  via  Cure  B  has  no  effect  on  efficiency  so 
long  as  the  additive  control  impedances  are  purely  reactive. 

Heretofore,  we  have_concentratel  entirely  on  the  theory  of 
velocity  control.  However,  there  are  some  technical  aspects  which 
must  be  appreciated  if  the  full  potentialities  of  the  theory  are  to 
be  realized.  For  example,  let  us  reconsider  the  LORAD  array.  It 
utilizes  modular  drive  where  each  radiator  has  its  own  driving  ampli¬ 
fier.  A  typical  amplifier,  radiator,  and  voltage  velocity  control 
inductor,  L^,  are  shown  in  Fig..  4,  vhere  the  input  signal  voltage, 

Efl,  may  or  may  not  be  the  some  for  all  radiators. 
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Fig.  4.  Four  terminal  electromechanical  equivalent  circuit  with 
a  voltage  velocity  control  inductor/  t^,  and  driving  amplifier. 

_  Observe  that  earlier  we  achieved  voltage  velocity  control  between 
EL  and  v  by  a  careful  selection  of  Lc.  It  is  clear  that  we  will  not 
have  proper  voltage  velocity  control  between  Eg  and  vp  unless 
Es  *  Ep/  or  equivalently/  the  internal  impedance  of  the  driver,  Z^, 
is  zero.  Since  such  zero  impedance  drivers  can  only  be  approximated 
in  practice,  the  LORAD  drivers  were  designed  for  minimum  internal- 
impedance  to  disturb  the  value  of  Lc  as  little  as  possible. 

In  Fig.  4,  as.  well  as  . in  general,  a  distinction  must  be- made 
between  the  notion  of  the  voltage  velocity  control  inductor,  L«, 
and  a  series  tuning  inductor,  say  Lp.  Normally  the  latter  would  ' 
be  selected  purely  for  impedance  matching,  and  typically  would  be 
selected  to  satisfy  the  relation 


nu.w,  lo*.  r  (V.  [) 


which  obviously  has  nothing  to  do  with  the  criterion  used  for.  the., 
selection  of  LQ.  In  fact,  in  Fig.  4,  if  impedance  matching  is  re¬ 
quired,  sane  type  of  shunting  reactance  must  be  used,  perhaps  a 
shunting  inductor,  Lp,  as  shown  in  Fig.  5,  and  defined  by  the 
relation 
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Fly.  5*  Four  terminal  electromechanical  equivalent  "circuit  with 
voltage  velocity  control  inductor,  Lc,  and  impedance  matching 
inductor  Lp. 

If  this  shunting  inductor  would  achieve  impedance  matching,  it  would 
do  so  without  altering  in  any  way  the  voltage  velocity  control 
between  S’  an  i  v  . 

OT  course,  similar  remarks  can  se  made  relative  to  current 
velocity  control.  Evidently,  for  impedance  matching  in  this  case, 
a  series  tuning  reactance  would  be  added  to  the  left  of  ZQ  in  Fig.  3 
in  such  a  manner  that  {I  /v  )  is  unaltered  by  the  addition. 

We  have  confined  ouF  attention  to  piezoelectric  radiators,  but 
if  the  principles  discussed  above  ore  understood,  the^'Chn  easily 
be  applied  to  magnetic  and  other  types  of  radiators  by  a- designer 
with  the  overall  theoretical  understanding  of  his  subject  he  should 
have. 

Gome  further  examples  of  circuitry  for  velocity  control  using 
Cure  B,  are  pertinent.  Suppose  an  array  of  n  radiators  is  driven 
In  parallel  from  a  single  amplifier.  A  suitable  arrangement  for 
voltage  velocity  control  is  shown  In  Fig.  <'»,  where  L^-io  an 
impedance  matching  inductor.  A 
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Fig.  6.  Electroacoustic  radiators  driven  in  parallel  with 
voltage  velocity  control  and  impedance  matching  inductor. 

Figure  6  will  assure  that  all  head  velocities  are  identical  if  Lc  is 
selected  for  velocity  control  between  E  and  Vp.  Of  course  Lp  has 
no  effect  on  voltage  velocity  control,  since  the  velocity  control  in 
this  case  is  between  E  and  the  head  velocities.  A  shunting  reactance 
could  have  been  used  instead  of  I/p  for  impedance  matching.  At  the 
risk  of  reduncancy,  we  point  out  that  if  the  control  inductors,  Lc, 
are  shorted  out  in  Fig.  6  we  have  destroyed  our  velocity  control. 

Suppose  an  array  of  n  radiators  is  driven  in  series.  A  suitable 
arrangement  for  current  velocity  control  is  shown  in  Fig.  7,„ where 
all  head  velocities  will  be  identical  if  Lc  is  selected  appropriately 
and  current  velocity  control  between  I  and  Vp  will  exist.  _  . _ 


FitJ.  7.  Electroacoustic  rad  tutors  .iriven  in  series  with— 
current  velocity  control. 
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Any  impedance  matching  circuitry  would  bo  added  to  the  loft  or  I  in 
Fig.  7*  Attain,  tho  removal  of  L„  will  doutroy  tho  velocity  control* 
In  trying  to  cmphaciiio  tho  Cade  concept:;  of  velocity  control, 
we  have  purposely  played  down  the  complex! tie:;  Inherent  In  con¬ 
figuration:,  such  as  Fi..,.  1.  For  a  single  ceramic  LOttAD  radiator, 
for  example,  tho  Four  terminal  network  shown  in  Fig.  1  represents  tho 
c on! igurat lana  aUnyre  ln.  Fl^ucea  8a  and  8b  where  the  latter  is  a 
greatly  simplified  electromechanical  equivalent*  circuit  of  tne 
former. 
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Fig.  8a.  Cross  section  of  LORAD  ceramic  radiator. 


Fig.  Qb*  Sinqilified  electromechanical  equivalent  circuit  far 
the  radiator  shown  in  Fig.  Bn. 
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All  ol*  t he  lmpodixncc  ooxon  In  FI,,,  ob  arc  rational  functions  ol’ 
circular  and  hyporboilc  trigonomulrlc*  funcbloni;  with  complex  arguments 
wherein  frequency,  and  temperature,  an  well  uo  utroos  and  electric 
blan  appear  ao  parameter u .  The  radiation  Impedance;  Zp,  shown  In 
Fig*  Bo  is  typically  an  Infinite  series  derived  from  boundm’y  value 
considerations,  in  which  appears  the  entire  set  of  head  velocities 
ivpl;  and  which  notnutimen.  converges  no-  slowly  that  several  hundred 
terms  of  tne  ccrioa  must  be  evaluated  for  every  frequency  and  for 
every  radiator.  Since  such  radiators  interact  on  each  other  through 
mutual  radiation  impedance;  it  is  not  uncommon  for  the  array  designer 
to  be  confronted  with  the  task  of  solving  many  simultaneous  equatlons- 
some  3600  such  simultaneous  equations  were  involved  in  the  DORAD 
design.  Such  equations,  of  course,  do  not  appear  out  of  nowhere, 
but  must  be  laboriously  built  up  from  non-linear,  dissipative, 
elastic  equations  of  state  with  superimposed  electric  and  thermo¬ 
dynamic  fields. 

Velocity  control  is  not  something  apart  from  all  this,  but 
rather  is  a  small  but  vital  portion  of  a  much  larger  design  problem. 
Consequently  the  only  general  recipe  ve  can  give  on  velocity  control 
is  to  assert  that  after  one  has  mastered  the  larger  overall  problem, 
he  is  then  in  a  position  to  attack  velocity  control  per  se.  There 
seems  to  be  no  easier  way. 
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INTRODUCTION 

'  —  ■  » 

i 

The  rare  earth  elements  (type  4f )  are  those  members  of  the  ' 

periodic  table  with  atomic  numbers  57  through  Jl.  They  are  charac¬ 
terised  by  an  electronic  structure  possessing  partially  filled  4f  ; 

orbitals  (n  »  4,  l  »  3)*  The  rare  earth  elements  are  then  genera¬ 
ted  primarily  by  filling  of  the  4f  shell;  lanthanum,  the  first  of 
the  series,  has  no  f  electrons;  and  lutetlum,  the  laat^o£~the  series, 
has  fourteen  4f  electrons.  The  energy  levels  of  each  atom  or  ion 
are  formed  by  the  different  configurations  of  its  f  electrons. 


The  4f  electrons  apparently  lie  mostly  within  the  orbitals 
.  .formed  by,  the  5a  ,  5P  /  end  6s*  electrons.  As  a  reault,~the  levels 
formed  by  the  4f  electronic  configurations  are  shielded  by  the  out¬ 
er  electrons.  When  the  rare  earth  ion  Is  incorporated  into  a  crys¬ 
tal,  the  perturbation  due  to  the  crystalline  field  on  the  4f  orbi¬ 
tals  is  small  compared  with  the  coulomb  interaction  between  elec¬ 


trons  and  hence,  the  positions  of  the  free  ion  energy  levels  are 
essentially  Independent  of  the  host  lattice.  Because  of  the 
shielding,  many  of  the  4f  energy  levels  remain  very  narrow  when  the 
ion  Is  incorporated  into  a  crystal,  and  radiative  transitions  cnt*em 
these  levels  are  ;uite  c-yM.on .  The  are  the  fe* 
i  the  rare  earths  of  interest  as  optical  devices. 


The  4f  electronic  energy  levels  of  interest  in  this  discus¬ 
sion  are  the  tri valent  rare  earths  which  are  now  very  well  under¬ 
stood,  due  mostly  to  the  work  of  Professor  Dieke  and  his  group  at 
Jbhns  Hopkins  University.  Figure  1  shows  a  table  of  the  energy 
levels  which  Professor  Dieke  has  compiled.  Across  the  bottom  of 
the  figure  are  listed  the  ram  earth  elements  along  vitfa  the  spec¬ 
troscopic  notation  for  their  ground  state.  Increasing  jupwurd 
along  the  ordinate  iu  the  energy  listed  in  units  of  cm"*  .  These 
level  diagrums  are  essentially  complete. 
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Fig.  1  Energy  level  Vagram 
o I  trivalent  rare  earth  ions 


fliohunun ,  Mux'phy  w»'l  Cuoporo 


We  huva  token  the  liberty  of  including  on  the  diugrtuo  the 
transitions  which  have  boon  roported  to  give  rlao  to  (stimulated  co- 
horoat  miosion .  Wo  hove  Raid  that  thouo  levels  ore  couuntiully  inda- 
pendont  of  the  host  lattice  irto  which  the  ion  may  be  incorporated, 
and  since  these  levels  have  been  determined,  one  may  uok  "whut  re- 
mains  to  be  learned.?"  .  The  answer  to  this  question  lies  mainly  in  the 
effects  which  are  produced  by  incorporating  the  ion  into  the  crystal 
lattice.  Although  the  effect  of  the  crystalline  field  on  the  overall 
energy  level  diagram  is  small  and  is  indicated  in  the  figure  by  the 
width  of  the  levels,  it  is  not  negligible.  The  crystalline  field  is 
the  predominant  perturbation  which  determines  the  widths  of  spectral 
lines,  the  lifetimes  of  states  and  the  transition  probabilities 
between  states.  It  is  Jus  to  these  eifect3  that  certain  ions  wiJl  pro¬ 
duce  stimulated  coherent  emission  in  one  type  of  host  lattice,  but 
not  in  another. 


Crystalline  Field  Effects 

In  the  free  ion,  transitions  which  take  place  within  the 
states  of  a  given  configuration  must  be  either  magnetic  dipole  or 
electric  quadrupole  in  nature.  This  is  so  because  all  states  of  the 
same  electron  configuration  have  the  same  parity.  Electric  dipole 
transitions  can  only  take  place  between  states  of  opposite  parity. 

Suppose,  now,  that  we  consider  an  electron  in  a  situation  in 
which  its  potential  energy  function  shows  complete  spherical  symmetry 
v»ith  rs  ;rect  to  the  origin.  Spherical  symmetry  implies  conserva¬ 
tion  of  angular  momentum  and  conservation  of  parity,  --the-two  being 
intimately  connected.  There  is  a  distinction,  however,  since  one 
could  have  conservation  of  parity  without  conservation- -of  - angular  mo¬ 
mentum  hut  not  vice-versa*..  Sow  suppose  the  symmetry jof  the  potential 
in  which  the  electron  finds  Itself  is  reduced  to  that  which  exists  in 
a  crystal.  A*  has  just  bean  observed,  the  removal  ofLaymmetry  re¬ 
quires  a  breakdown  of  some  conservation  law-  If  the  crystalline  po¬ 
tential  retains  inversion  symmetry  at  the  site  of  the ‘ion  with  which 
the  electron  is  associated,  then  only  the  conservation  of  angular 
momentum  law  is  broken,  and  the  wave  functions  which  describe  the 
state  of  the  electron  must  consist  of  a  linear  coaMaattoa  of  angu¬ 
lar  momentum  functions-  These  functlaaa  must,,  however,  all  have  the 
same  parity  because  we  have  supposed  inversion  to  be  a  symmetry 
operation .  12  ,  In  addition,  we  now  remove  the  inversion  symmetry  by 

either  allowing  the  ion  of  interest  to  vibrate  away  from, -the  inver¬ 
sion  ouster  or  place  It  in  a  crystal  in  a  non  -  invera  Ion  ^  synmc  try 
site,  then  parity  is  no  longer  conserved.  The  wave  functions  now 
contain  both  even  and  odd  parity  components.  Most  of  the  transi¬ 
tions  which  occur  in  the  4f-4f  region  of  the  spectra  of  rare  earth 
ions  have  been  found  experimentally  to  be  electric  dipole  in  nature 
(sane  magnetic  dipole  transitions  have  been  reported).  These  are  re¬ 
ferred  to  as  "forced  electric  dipole"  because  they  are  allowed  only 
through  the  parity  mixing  interactions  discussed  abowiF51®^  nomen¬ 
clature  4f  In  these  cases  really  indicates  that  the  level  is  mostly 
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4f.  Tho  neuron t  configuration  Lu  tho  5d  which  in  probably  tha 
stronger  mixturo  with  4f .  'Iho  transitions  take  place  between  tho  odd 
parity  part  of  one  ntato  to  tho  ovon  parity  part  of  another.  It  ia 
possible  that  in  some  otutos  no  parity  mixing  in  ullowud  bucauoo  of 
selection  rulca  imposed  by  the  particular  aynsnotry.  In  such  cuoes, 
one  may  observe  magnetic  dipole  transitions. 

The  strength  of  the  interaction  of  the  electric  field  with 
electrons  in  the  ion  is  always  less  than  the  coulomb interaction 
between  the  electrons  themselves;  however,  it  nuy  nu.y  not  »>•  ru.t-r 
than  the  interaction  between  the  spin  and  orbital  magnetic  moments 
of  the  electrons.  In  the  case  of  the  transition  metal  ions,  crystal¬ 
line  field  effects  are  much  larger  than  spin-orbit  effects,  whereas 
the  reverse  is  true  for  rare  earth  lens.  The  reduced  crystalline 
field  for  rare  earths  has  been  attributed  to  the  shielding  of  the 
electrons  in  the  4f  shell  by  those  in  the  outer  filled  5a  and  5P 
shells.  The  transition  metala  have  no  such  protection  because  the 
incomplete  shell  in  this  case  is  the  3d  shell  which  ia  the  outermost 
shell  of  the  ion. 

The  spectra  of  rare  earth  ions  in  crystals  corresponding  to 
transitions  within  the  4f  energy  levels,  generally  consist  of  sharp 
lines.  The  transition  metal  Ion  spectra  show  some  sharp  lines  but, 

In  general,  the  lines  are  quite  broad.  The  reason  for  this  differ¬ 
ence  is  that  the  4f  electrons  lie  well  within  the  ion  and  so  their 
wave  functions  do  not  overlap  the  electron  wave  function  on  the  li¬ 
gands.  The  transition  metal  electrons,  however,  do  overlap  the  li¬ 
gand  wave  functions  and  this  gives  rise  to_  the  broadening. _ It  is 

possible  that  in  some  states  the  overlap  ia  still  negligible  even  for 
the  transition  metals,  and  this,  would  account  for  the  sharp.  linea  ob¬ 
served.  The  idea  of  shielding  of  the  crystalline  electric. field  by 
outer  electrons  has  been  under  attack  recently  by  G.  Burns ■>-/".  He 
argues  that  outer  electrons  do  not  shield  the  4f  electrons  in  the 
rare  earth  by  more  tfcanriOjt.  According  to  Burns,  the  reduction  of 
the  crystalline  field  effect  in  comparison  with  the  spin  orbit  in¬ 
teraction  Is  due  to  the  following  three  effects: 

a)  The  rare  earths  are  larger  thaa  transition  metal  ions 
due  mainly  to  the  outer  5*  and  5p  filled  shells.  The  ligands  must 
then  be  farther  any  from  the  Ion  4f  shell.  The  crystalline  field 
perimeters  (in  the  point  charge  model)  depend  on  the  separation  of 
the  paramagnetic  ion,  and  the  ligands  as  ; 

'  *1 


where  A  is  a  coefficient  in  the  expansion  of  the  crystalline  field 
end  R  il  the  separation  of  the  rare  earth  ion  from  a  ligand. 
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b)  The  expectation  vuluon  of  rn  whore  r  done too  the  rudlui 
coordlnuto  for  n  4f  electron  uro  roughly  2  times  umullor  thun  for  u 
3d  electron , 

c)  Tho  opln-orblt  coupling  parameters  In  tho  ruro  earths  uro 
about  twice  us  largo  aa  they  uro  in  the  transition  mo tula. 

These  effects  ull  act  to  make  the  crystalline  field  interaction  small¬ 
er  than  the  spin-orbit  interaction  in  the  rare  earth  ions.  In  addi¬ 
tion  to  the  effects  of  R  and  r°,  the  overall  splitting  of  a  free  ion 
level  depends  upon  the  magnitude  of  the  angular  momentum. 

The  modern  approach  to  the  study  of  crystalline  field  effects 
Involves  absorption  and  fluorescence  spectroscopy  as  veil  as  electron 
paramagnetic  resonance.  EPR  is  usually  studied  in  the  ground  state. 
However,  some  work  has  been  done  on  EPR  in  excited  states  of  rare 
earth  ions'2'.  The  amount  of  splitting  of  an  energy  level  when  the 
ion  is  placed  in  a  magnetic  field  is  strongly  dependent  upon  the  crys¬ 
talline  field.  EPR  experiments  are  designed  to  measure  this  split¬ 
ting  and  hence  measure  the  crystalline  field  effects.  On  the  other 
hand,  the  separation  of  the  electronic  energy  levels  due  to  crystal¬ 
line  field  splitting  is  observed  directly  in  optical  absorption  and 
fluorescence  experiments.  Provided  a  sufficient  number  of  energy 
level  separations  can  be  obtained,  the  strength  of  the  crystalline 
field  can  be  determined.  From  the  crystalline  field,  so  determined, 
one  can  calculate  the  splitting  which  would  be  expected  due  to  the 
addition  of  an  external  magnetic  field.  ThiB  splitting  must  agree 
with  that  determined  by  EPR  techniques. 

The  agreement  between  the  various  experiments  is  usually 
quite  good;  however,  one  mast  consider  all  results  in  the-light  of 
the  approximations  made..  First  of  all,  the  model  which  JLs  chosen  to 
represent  the  field  is  tuat  of  a  system  of  point  charges  orrdipoles 
■surrounding  the  paramagnetic  ion.  This,  of  course,  assumes. .that  the 
electrons  which  give  rise  to  the  paramagnetism  do  not  overlap  the  li¬ 
gand  electrons  at  all,  i.e.,  they  play  no  part  in  the  binding.  This 
approach  is  obviously  wrong  in  the  case  of  the  transition  metal  ions 
where  the  unfilled  3d  shell  is  the  outermost  shell.  In  this  case, 
a  3d  electron  and  two  4s  electrons  are  used  to  form  the  bonding  orbi¬ 
tals  which  hold  the  Ion  to  the  crystal. 

.  The  rare  earth  case  is  less  obvious  since  the  electrons 
Spend TSoat  Of  their  time  within  the  5s  and  5p  orbits  andreo?  al?  . 
though  they  may  not  be  electrically  shielded  to  &  great  .extent  w, 
they  nevertheless  are  mechanically  shielded  from  overlap  with  the 
ligands. 

Attempts  have  been  made  ^  to  include  overlap  of  the  paramag¬ 
netic  ion  orbitals  with  those  of  the  ligand.  The  results  indicate 
that  the  strength  of  t^e  crystalline  field  depends  upon  the  trans¬ 
formation  properties  of  the  electron  wave  function,  i.ery^f  the 
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then  the-  coeffieteaiw  A  .m  are-  at t  wonetnat'  even  for"  different  states 
arising  out  of  the  same^conflgu.  tion.  This  situation  is  too  diffi¬ 
cult  to  treat  by  the  present  methods  and  much  more  work  needs  to  be 
done  in  this  area. 

In  the  spectra  of  rare  earth  ions  in  crystals,  it  is  often 
found  that  the  number  of  transitions  observed  by  far  exceeds  the  num¬ 
ber  expected  on  the  basis  of  a  static  crystalline  field.  The  problem 
of  trivalent  ions  in  divalent  lattice  sites  is  complicated  by  the  re¬ 
quirement  that  the  extra  positive  charge  must  be  compensated  in  order 
to  maintain  the  overall  neutrality  of  the  crystal.  The  various 
charge  compensating  mechanisms  vlU  be  discussed  in  detail  in  the 
next  section. 

In  crystals  vhere  charge  compensation  is  not  present,  we  must 
look  for  another  mechanism  to  explain  the  number  of  lines  observed. 
Until  now,  we  have  been  discussing  the  interaction  of  the  4f  elec¬ 
trons  with  a  static  crystalline  field.  The  host  lattice  is.  Itself, 
a  system  with  energy  levels .  The  energy  states  are  the  normal  modes 
of  vibration  of  the  lattice.  Since  an  interaction  exists  between  the 
4f  electrons  and  the  lattice,  the  two  systems  are  coupled  together. 
The  energy  levels  of  the  combined  system  are  then  superimposed.  The 
absolute  values  of  the  energies  will,  of  course,  shift  slightly  due 
to  the  interaction  energy..  _It  is  not  at  all  surprising  then  that 
more  transitions  will  be  allowed  in  the  coupled  electronic  vibration¬ 
al  system  than  in  the  electronic  system  alone.  Using  group  theoreti¬ 
cal  techniques,  one  can  determine  the  types  of  lattice  vibrations 
which  are  allowed  by  symmetry  to  couple  to  any  given  electronic  level. 
The  states  Of  the  coupled  system  between  which  transitions  are  allow¬ 
ed  are  also  determined  group  theoretically.  On  the  basis  of  these 
•election  rules,  it  is  sometimes  possible  to  identify  lattice  vibra¬ 
tions  from  an  absorption,  spectrum  of  the  rare  earth-  ion.  in.  the  crys¬ 
tal. 

A  feature  of  the  dynamic  interaction  of  the  rare  earth  ion 
sad  the  lattice  is  the  breakdown,  of  static  field  selection  rulc* .  la 
the  static  field  or  uncoupled  system,  one  determines  the  hudher  of 
allowed  transitions.  In  the  coupled  system,  the  electronic  levels 
are  mixed  together  so  that  the  new  states  may  have  components  to 
which  transitions  from  the  ground  state  are  allowed. 

The  energy  states  of  the  lattice  are  in  general,  much  broad¬ 
er  than  the  energy  states  of  the  4f  electrons.  The  states  of  the 
coupled  system,  therefore,  become  broadened  by  the  interact!^ with 
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the  luttica.  If  the  electronic  lovela  are  separated  by  onorgloo 
approaching  those  of  the  lattice  vibrations,  an  electron  in  one  state 
can  relax  to  another  state  and  at  the  stuns  tiioo  excite  a  lattice  vib¬ 
ration.  The  process  is  known  as  a  radiationless  transition  und  is 
very  effective  in  reducing  the  lifetime  of  an  electron  in  excited 
states.  Qy  such  processes,  excited  electrons  may  filter  down  through 
the.  ladder  of.  closely  spaced  energy  levels  and  find  .themselves  in  a, 
level  vhlch  ie  f?°  removed  from  any  electronic  level.  When  this  hap¬ 
pens,  the  only  v. , .  the  electron  con  lose  energy  is  to  radiate  a  pho¬ 
ton. 


Charge  Compensation 


Die  problem  of  interpreting  and,  hence,  understanding  spectra 
of  tri valent  rare  earth  ions  in  divalent  host  lattices  ie  sometimes 
complicated  by  various  charge  compensation  mechanisms.  In  CaFp,  for 
example,  there  are  at  least  five  ways  which  have  been  proposed* to  corn- 
penaate  the  extra  positive  charge  of  the  trivalent  rare  earth  occupy¬ 
ing  a  divalent  calcium  site.  These  are  ae  follows:  An  extra  nega¬ 
tive  charge  nay  lie  somewhere  in  the  crystal  but  sufficiently  removed 
such  that  the  trivalent  rare  earth  has  essentially  the  cubic  site 
symmetry  of  the  calcium  ion.  An  interstitial  fluoride  ion  may  lie 
adjacent  to  the  rare  earth.  Two  site  synmetries  are  possible  for 
this  arrangement;  Qr~  may  substitute  for  an  F~,  and  finally,  an  al¬ 
kali  ion  such  as  Na+  may  substitute  for  an  adjacent  Ca*  .  Each 
charge  compensation  arrangement  will  produce  a  different  crystalline 
field  at  the  site  of  the  rare  earth  ion  and  each  such  field  will  pro¬ 
duce  its  own  characteristic  spectrum.  A  trivalent  rare  earth  ion  may 
therefore  have  several  distinct  spectra  when  placed  inCOF^  Die 
charge  compensation  mechanisms  present  in  a  given  sample  depend  upon 
crystal  growth  conditions.  - 

Figure  2  shows  the  spectrum  of  Du^+  in  GaF  .  Itis'  deter¬ 
mined  from  these  spectra  that  there  are  several  charge.coapenaating 
mechanisms  operating  in  this  particular  crystal.  Work  ia  now  pro¬ 
ceeding  to  separate  out  the  various  spectral  lines  and  assign  them  to 
their  appropriate  charge  compensation  mechanisms. 


Spectra  of  Or 

electronic  configuration  of  Cs^  gives  rise  by  means 
of  the  spin -orbit  interaction  to  a  *7/2  404  *  *512  leV€l  in 
free /lea.  These  levels  have  been  determined  f rcm^fTeerion^spec tros - 
copy'  *t©  be  separated  by  2253  «C  .  She  spectrum  for  Cef*  in  any  ^ 
crystal  would  thus-  be  expected  to  appear  in  the  vicinity  of  2253  cm 
or  about  4.5  microns. 

Several  studies  indicate  that  the  maximum  separation  ob¬ 
served  in  a. given  Stark  split  free  ion  level  is  about  250  cm”1  or 
lees  for  Fr**  and  in  lad,*  Maximum  Stark  splittings  of  about 
250  cm'1  are  common  for  most  rare  earths  in  IuCl  . 


ANGSTROMS  ANGSTROMS 
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•Rio  oito  oymtnotry  for  la  In  tnClj  nod  InFj  la  C  .  and  (i,y 
respectively.  It  la  aooumud  thut  curium  untoru  Uiuoo  houtu  by  uub- 
stituting  for  a  lanthanum  Ion  and,  honco,  ahould  bo  aubjoct  to  u  crya- 
tullino  fleld/Qf  tho  appropriate  symmetry.  Electron  purumugnotlc  ro- 
aonanco  data  "  '  '  has  confirmed  that  /the  site  aymmotry  for  Ce-*+  in  Ind¬ 
ia,  indeed,  du.  In  IaF.  ERR  data  '  '  indicuto  thut  no  symmetry  at 
all  exists  atJthe  Ce^+  slteA.  This  is,  indeed,  u  surprising  result. 
Furthermore,  the  EFR'aata  reveal  that  tbile  Gd1* ’hue  the  la-  alta 
symmetry  most  other  rare  earth  ions  have  no  aymmotry  when  sub¬ 
stituted  in  LaJ^. 

The  cerium  site  symmetry  determines  the  selection  rules  gor- . 
verning  transitions  between  various  crystalline  field  split  levels'*'  . 
Two  electric  dipole  transitions  from  the  ground  state  to  the  upper 
multiplet  states  in  Ce^  in  IaClo  are  allowed.  Four  such  transi¬ 
tions  can  occur  for  Ce’  in  LaF,.  From  these  considerations  alone 
one  would  predict  that  the  electric  dipole  absorption  spectrum  of 
Ce3+  in  LaCl-  and  IaF-  near  absolute  zero  temperature  should  consist 
of  2  and  4  absorption^lines  respectively.  These  transitions  are  in¬ 
dicated  in  Fig.  3.  If,  in  addition,  magnetic  dipole  transitions  are 
important  as  well  as  the  electric  dipole  transitions,  then  each  spec¬ 
trum  should  consist  of  4  lines. 

The  spectra  of  Ce  in  IaF^  and  laCl^  near  4.2*K  are  shown  in 
Fig.  4.  These  two  spectra  exhibit  many  similarities.  The  very  weak 
lines  at  low  cm*1  become  more  intense  at  liquid  nitrogen  temperature 
and  therefore  must  be  associated  with  transitions  which  originate  on 
excited  energy  leyels.  Intense  and  sharp  lines  are  observed  between 
2100  and  2200  cm**1.  Two  intense  and  broad,  lines  containing  complex 
structure  are  observed  between  2500  and  3500  cm"1.  In-between  the 
sharp  line  region  and  the  broad  line  region  lies  a  region  which  con¬ 
tains  many  weak  broad  lines .  dearly,  there  are  too  many  lines  to 
be  accounted  for  by  pure  electronic  transitions.  The- sharp  lines  bet¬ 
ween  2100  and  2200  cm"1  are  most  likely  pure  electronic  transitions . 
She  weak  broad  lines  in  the  central  region  are  vibronlc  linea ,  i.e. , 
lattice  vibration  frequencies  coupled  to  the  sharp  electronic  lines  • 
between  2100  and  2200  cm*1.  These*  vibronic  lines  will  be  discussed 
shortly. 

The  intense  broad  lines  in  the  2500  to  3500  cm region  are 
more  difficult  to  understand.  If  these  are  indeed  electronic  transi¬ 
tions,  they  may  be  broadened  and  intensified  by  alxiAg  wlth  lattice 
vibration  frequencies  coupled  to  .the  tower  electronic. levela-  Such, 
effects  have  bees  noted  previously  i10*.  The  overmlTbiiltiplct 
splitting  is  about  JCO  cm”1  in  IaF-i  and  about  1200  ce*"1, la  tad,. 

This  is  such  larger  than  the  250  cm  observed  for  Pr3*  and  8d  J 
In  lad,*,  ^.crystalline  field  splitting  of  1000  cm*1  has  been 
reported  '11*  for  Ce^+  aid  Yb^  in  (JuF0.  Although  the  exact  assign* 
aents  of  the  absorption  peak*  of  Ce-5+  In  Indj  and  LaFj  are  not  known 
at  this  tins,  it  appears  probable  that  the  crystalline  field  split¬ 
ting  Ox  the  Ce-3*  multiplet  levels  is  anomalously  large*- - 


Samples’  Crystalline  LaCU  and  LoF3  Doped  with  Ce 
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WAVELENGTH  IN  MICRONS 
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WAVENUMBER  IN  CM"1 

Fig*  4  The  spectra  of  Ce5+  in  l*aF,  and  LaCl,  near  4.2' 
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It  was  mentioned  previously  that  the  weak  broad  linou  bo tween 
about  2200  and  2500  cm"1  were  due  to  interactions  of  luttico  frequen¬ 
cies  with  the  electronic  trunaitione.  Figure  5  containa  a  liat  of 
the  lattice  frequencies  which  have  been  observed  experimentally  in 
IaFv  Three  possible  electronic  transitions  have  been  chosen  at  2160, 
2lfi0  and..  2235  cm’1*  Each  of  the  lattice  frequencies  has  been  added  to 
the  electronic  transition  and  compared  with  the.  observed  spectrum. 


Good  agreement  between  the  calculated  and  observed  vibronlc  lines  is 
noted.  Similar  results  ore  obtained  for  the  laCl,  spectrum  'i2> 


Although  Ce^4  in  Lads  and  LaJS  has  a  simple  electronic  con¬ 
figuration,  its  spectrum  in  these  crystals  is  still  far  from  being 
understood.  Many  interesting  problems  Involving  the  crystal  field 
effects  on  rare  earth  ions  remain  to  be  solved.  Our  group  at  the 
Naval  Ordnance  Laboratory  at  Corona  is  continuing  its  endeavors 
toward  the  solution  of  some  of  these  problems. 


Buchanan,  Murphy  and  Cuopors 
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SOLID  STATE  MICROWAVE  AMPLIFIERS 


Edvard  T.  Hooper,  Jr. 

C.  S.  level  Ordnance  Laboratory 
811ver  Spring,  Maryland 


Introduction:  The  Problem 


The  nev  and  expanding  technology  of  aolld  atate  microwave 
amplifiers  holds  promise  of  improving  the  range  and  sensitivity  of 
search  and  fire-control  radars  and  of  high  frequency  coaevnicatione 
systems.  The  superhetrodyne  receiver  technique  is  still  the  most 
commonly  employed  method  in  all  of  these  fields.  The  incoming 
signal  from  the  antenna  goes  through  a  preamplifier,  following 
which  it  Is  mixed  with  a  variable  frequency  local  oscillator  signal 
to  produce  a  fixed  intermediate  frequency  signal  which  can  be 
amplified  efficiently.  The  preamplifier  is  highly  desirable  for 
sensitivity,  selectivity,  and  the  prevention  of  unvented  radlation 
of  "the-  local  oscillator  signal- .  Moot  microwave  systems  have  no 
such  preamplifier .  The  few  which  do  generally  employ  a  traveling- 
wave- tube  amplifier  to  perform  this  task.  In  order  to  amplify  the 
signal  before  encountering  the  noise  of  the  mixer  stage  it  is 
desirable,  la  fact  necessary,  to  have  low  internal  noise  in  the 
preamplifier  stage. 

Several  solid  state  devices  have  been  proposed  as 
solutions  to  this  problem.  Mitbout  exception,  however,  they  turn 
out  to  be  c  cap  lex,  or  unorthodox,  or  downright  exotic.  Xa  any 
event  their  Inherent  promise  has  bsaa  slow  in  fulfillment  chiefly 
due  to  tbs  lock  of  baste  knowledge  of  these  'feev*  amplif  ication 
processes  and  lack  of  engineering  solutions  to  the  new  prcblems 
they  present.  To  better  understood  sons  of  the  difflro&ies 
involved,  first  consider  the  amplification  process  itself* 

Amplification 

An  amplifier  is  ”*  davice  for  increasing  tbs  power 
associated  with  s  phenomenon  without  appreciably  sitering  it# 
quality,  through  control  by  the  amplifier  input  of  a  larger  amount 
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of  power  supplied  by  *  local  source  to  tbs  amplifier  output* "  1 

Tbs  local  source  of  power  la parts  energy  of  motion  to  some 
"agent"  such  as  tbs  free  electron  in  a  vacuus  tube.  Then  by 
geometry  or  circuitry  a  little  energy  affects  the  movement  of  the 
agent  and  larger  amounts  of  energy  are  released  to  an  external 
circuit.  Herein  resides  tbr  nonMnesartty  necessary  for-  aatplifi- 
catioo. 

While  the  local  sources  of  pover  fall  into  tvo  classes, 
direct  pove"  and  alternating  pover,  the  agents  employed  are  uany 
and  varied.  The  proper  choice  of  pover  source  depends  on  the 
agent  employed. 

In  figure  1  amplifiers  are  classified  as  to  their  local 
power  and  agant  employed.  In  the  first  group  the  agent  is  free, 
that  Is,  has  translational  energy  of  motion,  and  as  a  consequence 
la  excited  by  direct  local  power.  In  the  seeond  group  the  agent 
la  bound  or  constrained  and  la  excited  by  alternating  local  pover. 

Solid  state  amplifiers  such  as  the  Transistor,  Tunnel 
Diode  and  Teehnetron,  are  included  in  the  first  group.  Of  these, 
only  the  Transistor  end  Tunnel  Diode  are  presently  just  beginning 
to  operate  in  the  lew  microwave  frequency  range.  Our  Interest 
then  lies  chiefly  with  the  amplifiers  using  alternating  local 
pover.  Of  these  the  solid  state  parametric  diode  and  parametric 
magnetic  eapllfiera  are  the  principle  contenders  for  a  solution  of 
our  microwave  amplifier  problem,  the  solid  .state  maser  belag_some- 
vhat  too  elegant  for  this  application.  Although  the  principles 
discussed,  apply  to  both,  particular  emphasis  will  be  on  the. 
magnetic  type  of  parametria  amplifier. 

When  the  local  power  is  direct  only  one  frequency,  the 
signal  frequency,  is  present.  If  the  Input-output  characteristic 
Is  linear,  no  new  frequencies  are  developed*  With  alternating 
local  power  the  situation  la  fundamentally  different.  Tvo 
fyy  urine,  the  signal  tad  the  po near  frequencies,  are  now 

present  ■  v»  the  presence  of  tile  device 

place,  cross  product  terms  appear  in  the  equations  for  current  or 
voltage,  and  new  frequencies  appear*  This  la  a  necessary  but  not 
smffleleat  condition  for  par  ami  trie  amplification.  Jt  ie  not 
sufficient,  obviously,  since  there  are  modulators  with  pqwargatns 
lama  than  malty*  Figure  2  illustrate*  the  set  of  new  frequencies 
produced  by  the  maplltude  modulation  process ,  the  familiar  upper 
and  lower  sidebands  shout  the  local  pover  frequency  or  pump 
frequency,  op.  The  presence  of  these  end  higher  order  modulation 
products  require  that  special  consideration  be  given  to  the 
parametric  amplifier.  There  are  multiple  output  porta  in  these 
amplifiers  and  under  certain  conditions  multiple  input  porta. 

,  frequency.  Jtrans  let  ion  la  inherent  in  the  cusp  Ilf  icatlon  process, 
l«e«,  the  output  pover  may  he  at  a  different  frequency  than  the 
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FREQUENCY  IN  MC/$ 

fl«.  X  Classification  of  Amplifiers  and  Their  Frequencies  of  Operation 


Fig.  2  Absorption  and  emission  in  the 
amplitude  modulation  process 


FROM  STRUCTURE 


IN  STEP  ONE 


Fig.  3  Feedback  process  in  the  lower 
sideband  case 
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Input  power  and  there  are  constraints  on  tha  conversion  <\t  power 
from  one  frequency  to  another. 

Parametric  Phenomena 

Tha  relationships  between  power*  at  different  frequencies 
ynv  firmhdetAua*  far: tba-  ieallieee  raaataaaa  V  Manley  and.  Roue/ 
These  eat*  of  aquation*  are  eonaerratlon  of  energy  equation* 
written  aa  ita*  of  power  over  frequency  ratio*.  The  asaentlal 
properties  of  nonlinear  (actually  tine  varying)  reactance*  which 
give  rise  to  parametric  phenomena  are  that  tha  reactance  varies 
with  voltage,  the  Impedance  varies  with  frequency  and  there  la  a 
sign  change  la  the  pwir  over  frequency  ratio  associated  with  the 
lower  sideband  which  signifies  that  the  modulator  delivers  power 
to  tha  source.  The  losslesaness  permit*  low  noise  operation. 

figure  3  illustrates  modulator  operation  when  the  upper 
sideband  power  Is  aero.  Regeneration  occurs  In  two  steps  by 
generation  of  the  lower  sideband  and  the  action  of  the  lower  side¬ 
band  and  puap  frequencies  In  producing  a  new  lower  sideband  at  the 
signal  frequency.  The  phase  shift  Is  correct  for  reinforcing  the 
original  signal.  When  the  lower  sideband  power  1*  xero  a  similar 
argument  yields  an  additional  absorption  rather  than  emission  at 
the  signal  frequency.  Thus  no  regeneration  takes  place  and  the 
power  gain  Is  a  stable  finite  value  equal  to  the  ratio  of  upper 
sideband  to  signal  frequencies.  If  power  is  present  In  both 
sidebands  other  Interesting  effects  are  obtained.3 

This  physical  mechanisms  behind  these  parametric-phenomena 
can  be  made  more  tangible  by  considering  a  resonant  system  euch  sa 
the  pendulum  of  figure  k,  The  pendulum  with  a  pos it ively  charged 
bob  Is  oscillating  In  tha  plane  P.  Also  in  this  plane-  la  the 
electric  field  X.  Xy  varying  the  electric  field  B  the  motion  of 
the  pendulum  can  be  varied.  Without  the  electric  field-tbe 
equation  of  motion  for  small  amplitudes  Is  _  _ 

The  periodic  modulation  of  tha  electric  field  la  equiv¬ 
alent  to  s  periodic  modulation  of  the  gravity  coefficient  g*  and 
therefore  constitute*  tha  "parametric"  term  in  this  "par— trie* 
equation.  The  angular  frequency  in  radians  per  aecondcie^Ji . 

„  The  peadulun  could  also  be  piped  by  varying  1».  This  i*  the 
method  used  by  a  monkey  swinging  from  a  tree  limb  or  a  child  In  a 
awing  when  be  wishes  to  increase  the  amplitude  of  swing.  If 

O  •  Ie  +  Bp  cos  u>pt 

where  go  ■  normal  gravity  field  coefficient  unperturbed 


I'  i 
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gp  co*  ujpt  a  apparent  perturbation  of  tb*  gravity 
field  coefficient  due  to  electrlo 
field* 


Then 


go  +  gp  coa  ujpt 
1 


x  « 


0 


Thia  i*  a  fora  of  Mathieu's  equation.4  Figure  5  1*  a  plot  of  the 
stable  and  unstable  solutions  of  this  equation  where 


11  ■ 


lil)p* 


Y  - 


**p 

us? 


The  complex  energy  propagation  constant  p  *  a  +  10  where 
a  is  attenuation  constant,  0  is  ‘phase  constant.  In  the  blank 
regions  u  is  imaginary,  there  occurs  no  attenuation  of  energy  and 
any  oe dilation  In  the  pendultm  is  stable.  These  are  past  bands. 

In  the  shaded  regions  |i  is  complex  or  real,  attenuation  results  sad 
energy  Is  absorbed  by  the  pendulum.  In  the  absence  of  losses  the 
pendulum  oscillations  increase  without  bound  and  an  unstable 
pendulum  results.  These  are  stop  bands.  They  are  iabledl,  II, 
IH,  IT,  etc.  Operation  is  confined  to  the  region  to  the  right 
of  and:  below  the  line  T]  ■  y.  For  y  *  0  there  is  no  periodic 
perturbation.  Aa  the  perturbation  term  increases  (gp .increases) 
operation  occurs  further  up  in  the  nap.  lots  that  stable 
oscillations  are  the  norm  end  pumping  occurs  at  only  a  f «w  places. 

An  intriguing  devlca  is  the  Inverted  (or  unstable) 
pemdulua.  This  device  operates  above  the  r\  ■  y  line  where 
inetehillty  in  the  norm  hut  where  stable  operation  can  he  obtained 
If  the  pendulum  Is  pumped  at  the  proper  frequency. 

The  pendnltm  of  Figure  V  can  he  pumped  In  the-  Instability 
regions  X,  U,  XU,  XT,  etc*  The  pomp  and  system  resonant 
frequency  relatione  are  given  la  Table  X  for  these  Instability 
regions.  -  ■ 
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TABU  Z 

ggjf  aid  emm  usouan  wuauacr  «XA£Xgg 


Instability 

fceglcn 

n 

(for  Y  •  0) 

lelatlons 

(for  Y  •  0) 

Up,  we 
Belaticns 

(for  Y  •  ^) 

Z 

1 

•p-  a«o 

«p- 

1.8  ®0 

n 

k 

(Dp  m  U>o 

Utp  * 

0.89  ®o 

XZI 

9 

•  f  ®o 

tDp. 

0.62  iflo 

XT 

16 

*p-|®o 

®p- 

0.t6  uio 

f 

25 

•p.|®0 

®P- 

0.36  ®o 

Fiaplng  la  tte  Tint  instability  region  Is  tte  usual  mod* 
enployed  By  a  parson  la  a  string  who  dsslras  to  jmp  ths  string  to 
grsatsr  amplitudes.  Bs  raises  and  losers  his  body  caster  of  asss 
sad  thereby  changes  the  "pendulun"  length  at  a  frequency  double 
the  string  frequency.  Punping  la  the  other  Instability  regions 
Is  also  possible  as  Is  punplag  using  haxuonles  of  the  pwp 
frequency,  figure  3  indicates  these  penltted  frequencies  for 
.pooping  ~e.  systen  resonant  at  ju»o.  — 1 

Since  <4  -  cos  Opt,  the  frequency  <#i 

Is  now  complicated  and  for  operation  la  region  Z  consists  of  ths 
tOBpertjnhed  resonant  frequency  „%  end  tvo  nee  frequencies, 

Cu  +  <*»  and  <%  -  op  as  sheen  In  figure  7*  The  (1)  denotes  the 
pwiiulm  under  discussion.  These  frequencies  trill  be  utilised 
once  coupling  effects  sre  dlecuessd. 


tvo  named  node  frequencies  of  ths  systes.  There  is  a  slight 
shifting  of  ths  nomad  node  frequencies  due  to  ths  coupling* 

If  the  tiro  both  hate  the  use  resonant  frequency,  or 

•re  "tmed*  to  each  otter,  ttelr  eapUtudee  of  stria#  follow  a 
pattern  ee  stem  In  figure  9»  Itergy  of  oeclUsttc*  Is  renoeud 
fron  ynrH?”*  1  st  one  point  sad  Is  sll  stored  in  pendulum  2. 
later  this  coalition  Is  rewrsed.  Zf  ths  pendulums  are-detuned 
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ARBITRARY  FREQUENCY  SCALE 
Fig.  6  Permitted  pumping  frequencies 


iO 


Wall) 

a 

p 

1 

_ 1 _ 

uyi) 


Fig*  7  Pumping  in  first 
instability  region  at  y  =  0 


Fig.  8  Two  parametrically 
„  pumped  -position,  coupled, 
pendulums 


Fig.  9  Plot  of  positions 
of  two  tuned  coupled 
pendulums 
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perfonunee  of  Figure  10  is  obtained  where  an  lneonplate  transfer 
of  energy  1*  indie at  ad.  Coupling  1*  raducsd  when  the  penduluas  are 
detuned* 

The  and  u%  art  not  single  frequencies  for  gp>0  and 
for  puaplag  la  Instability  region  1  both  oooalata  of  an  array  of 
fraqaanotanaa  uas  ahoa  ln.llgur»  **.-  If  pandulun  Via- dstana-J, 
froa  pendulua  2  ao  that  «p(  1)  liaa  •  lightly  below  while  tu0(2) 

Uaa  an  equal  diataaea  abort  ®p,  tba  apeetrua  of  Figure  11 

y 

results.  for  slight  detuning  both  o0(l)  and  ®0(2)  eaa  lia  in  tba 
poking  band. 

Conditions  art  nor  aatlsflad  for  parsnatrlo  amplification 
to  taka  plana  in  tba  aystaa.  An  oao illation  at  t»o(l)  produces 
op  •  »o(l)  which  couples  strongly  to  «q(2).  This  t%(2)  produces 
«P  -  «o(2)  which  la  turn  couples  strongly  book  to  »oU)  rain- 
fore  lag  tbs  original  oaclllation.  For  a  strong  puap,  oaoillatlons 
oooor  at  thaaa  frequencies.  With  reduced  poap  power  an  oaclllation 
at  «o(l)  would  ba  aapllfiad.  k  signal  «p(2)  would  also  ba 
aapllflad  as  this  type  of  paranatrio  snpllf iar  la  a  so-called 
doubla  ebannsl  asmliflar.  Tbasa  affaota  ara  diseuasad  at  graatar 
length  elsewhere.* 


Tba  pandulv  la  not  tba  only  example  of  a  rasonant  system. 
Tbara  ara  aany  otbars  which  la  principle  could  ha  employadrto  - 
construct  a  paranatrio  amplifier.  Ona  la  tba  rasonaaoa  of  a 
magnetic  spin  system. 

In  Flgora  12  tba  flgara  on  tbs  left  abowa  tba  ahgaetic 
nonant  n  of  an-slaetrou*  The  raetor  L  la  tba  angular  a  man  tun 
of  tba  alectrcn  in  orbit,  I  la  tba  angular  momaatua  of  t|f  _ 
alaetrcn  spin  aadj?  la  t|a  total  raanltaat  angular  mcmsstiau  Tba 
mgmki a  momenta  %  and ^  raault  froa  tba  orbital  and  spin 
igTiltrrr  aimanhai  The  m  ie  tba  rasaltant  ayrtle  maaant.  Zn 
tba  prassnoa  of  a  constant  aagaetln  flald  tba  aagoatls  nonnat 
Teeter,  m,  processes  about  %aa  shown,  Loe*^  which  damp  this 
praeaaslon  causa  n  to  spiral  Into  tha  diraetlon  of  i?* 
ughapod  pracasojoanl  aagaler  frequency  la  %.  If  an  alternating 
nagustlo  field  of  frsqaancy  up  ie  added  la  tha  s-y  plarfffli 
oltoanatlng  flald  will  yap  tba  praeaaslon  and  radaea  ororvarcona 
the  loegse  changing  or  a  constant  angle  batwaan 

maadlo.  If  tha  alternating  field  frequency  differs  froa 
anarfir  1*  not  absorbed  by  tha  aystan*  Whan  it  equals  %  strong 
absorption  occurs.  Tba  resonance  phenomena  obtained  is  equivalent 
to  panping  la  the  instsbllity  region  XX  and  tba  alternating  field 
frequencies  generally  fall  la  tba  microwave  fraquanoy  region. 

i«sss*;-».<a 1 
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Fig.  10  Plot  of  positions  of  two  slightly- 
detuned  coupled  pendulums 


0  1  2345678910  1112  1314  15  16 


01  234  56789I0III2I3I4I5I6 
6)- ANGULAR  FREOUENCY,ARBlT"iRY  UNITS 


Fig.  11  Spectrum  of 
coupled  pendula  feed¬ 
back  process 
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It  has  recently  been  found  that  pimping  is  also  poaalbla 
when  tba  alt  Croat  lag  field  la  parallel  to  the  constant  field  Bo  a* 
•taovn  in  figure  12,  right  aide*  Since  It  haa  constant  length  and 
the  end  traeea  ita  path  on  the  surface  of  an  Imaginary  sphere  aa 
•hewn,  any  aniaotropy  or  difference  in  eharaoteristica  between  the 
x  and  y  direction  reaulta  in  aa  elliptical  preceaaion  path  the 
extraaaa  ends.  ef  vtadcfc  turxr  Aowr  tbw^aurfwr*  of  tbr  epbere 
and  reault  in  a  change  in  the  Z  component  of  It*  This  component 
can  ha  pumped  hy  the  field  Ip  and  characteristically  la  pvntped  in 
iaetahllity  region  I,  l.e.,  where  *p  «  2w0, 

Th-i  far  ve  hare  only  one  resonance  end  aore  are  needed 
to  conatruct  our  nagaatie  parametric  amplifier.  The  magnetic 
resonance  phenomena  is  more  complicated  however  than  ao  far 
Indicated,  Xf  all  of  tba  individual  aplna  hare  the  came  pre¬ 
cession  angle  and  are  in  phase  the  uniform  processional  mode 
results  as  in  figure  13(e)*  If  there  is  a  difference  la  phase 
in  the  precession  of  the  moment  rectors,  vaves  appear  to  aore 
through  the  mediae  at  in  figure  13(e)  traveling  in  the  direction 
of  the  oonataat  magnetic  field,  perpendicular  to  it  or  at  same 
arbitrary  angle.  These  excited  states  are  spin  versa*  Xf  the 
•pin  vmre  length  la  sufficiently  short  the  verse  can  ha  represented 
as  plane  versa  vlth  propagation  constant  k,  in  an  Infinite  mediae 
vith  negligible  effect  from  the  sample  boundary.  As  k  *+  0  and 
tbs  vara  length  X  approaches  infinity  the  assumptions  leading  to  a 
plane  vmre  equation  are  violated.  Principally  the  boundary 
conditions  nov  become  Import  eat;  a  plane  vmre  representation  la 
not  correct,  tba  exchange  forces  exert  only  a  slight  Influence 
an'  the  motion  of  the  spin;  the  characteristic  frequency  is  than 
nearly  independent  of  the  exchange  field  and  consequently  _ls  .. 
nearly  Independent  of  k.  The  frequency  is  nov  dependant  on  the 
long  range  dipolar  Interaction  of  the  spins  and  the  a  tat  la 
magnetic  field.  Aa  vmre  lengths  approach  •  ample  else  the  eonreet 
normal  modes  are  the'magnetoetatie  modes  or  Walker  nodes.  -'These 
■•tending  versa"  depend  cm  the  shape  of  the  body  but  not  its  else, 
provided  the  body  in  large  enough  for  exchange  torque  to  be 
neglected  yet  email  enough  for  propagation  effect#  bn  neglected. 
These  stenting  varan  are  lUamtjrmtwt  la  Flgnse  13(b)*  figure  lb 
■home  the  region  of  spin  mm  excitation  (plana  mm  for  k>  r) 
for  spin  vmre  propagation  angle  9*  vitk  respect  to  the  static 
~  field  Ip.  The  nhnted  area  la  the  ajpronriaate  representation  of 
the.  dace  tty  of  magnetostatic  nodes  for  a  sphere.  ^ 


A  photograph  of  an  array  of  the  magnetostatic  madam  of 
a  single  cryetal  sphere  of  yttrium  iron  garnet  produced  vhen  the 
magnetic  field  is  varied  is  shown  in  figure  15.  The  large 
absorption  (U$)  is  the  oaifor*  preesssloaal  node.  The 
identifying  numbers  are  Walker's  nomenclature."  These  resonances 
cam  be  used  to  satisfy  the  necessary  conditions  for  parametric 
amplification.  * 
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Fig,  15  Mngnotostatic  modus 
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Amplifiers  bar*  been  developed  by  8uhl7  twine  perpen¬ 
dicular  pumping  and  Denton*  ualnc  parallel  pimping.  The  parametric 
oondltlona  eaa  ba  satisfied  in  ona  of  several  way*.  Tba  system  can 
provide  cavity  resonances  at  signal  and  Idler  frequencies  and 
anplcy  tba  unifora  precession.  This  baa  been  tanned  the  eleetro- 
magnetlo  nods  by  Buhl.  Slmllarlly  one  cavity  and  two  nagnetoetatic 
■odea  caw  be  —played*  This-  la.  tailed  the  awalatatlo  node.  Or, 
three  magnetostatic  aodes  can  be  awplcyed  resulting  in  tba 
*tagaetostatie”  node  of  operation.  Denton  employed  tvo  magneto¬ 
static  nodes  whose  frequencies  sum  to  the  pump  frequency.  They 
were  closely  spaced  about  a  frequency  equal  to  half  the  pump 
frequency.  This  is  punping  in  instability  region  I. 

In  the  spin  wave  manifold  of  figure  lb  certain  magneto¬ 
static  nodes  which  are  being  puapad  are  degenerate  in  frequency 
with  an  array  of  spin  waves  with  high  k  numbers.  Consequently, 
punping  energy  la  lost  to  the  spin  wave  system  and  potentially 
noisy  spin  wave  systems  are  excited. 

By  puaplng  In  other  instability  regions  the  punp 
frequency  can  lie  outside  of  the  spin  wave  manifold.  The  desired 
nagnetoetatle  modes  can  be  excited  while  undeslred  spin  waves  are 
not  excited.  A  potential  reduction  In  nolee  le  then  possible. 
Pumping  in  Instability  region  HZ  has  been  demonstrated  where 
tba  pimp  frequency  is  two-thirds  of  the  average  of  the  two  eystem 
magnetostatic  sodas. 

Spin  waves  are  also  axclted  by  small  Imperfections  in  the 
surface  of  the  single  crystal  yttrium  iron  garnet.  -These  broaden 
the  resonant  Una  widths.  Careful  grinding  and  polishing  la 
nacessary  to  reduce  the  line  widths  to  tba  intrinsic  line  width 
of  tba  material,  figure  16  is  a  photograph  of  a  polished  sphere 
held  on  the  end  of  a  magnet.  The  head  of  a  straight  pin  at  the 
top  gives  an  indication  of  the  size.  The  rough  pleee  la  an 
unpolished  ZXS  crystal  from  which  a  sphere  la  ground. 

2n  the  ferromagnetic  microwave  amplifier  under  development 
&  the  bral  Ordimm ea  Imho  ref  cry  this  crystal  la  mounted  In  a 
quarts  take  spaced  off  the  end  wall  of  •  rectangular  microwave 
cavity  operating  in  the  TBoit  mode.  The  cevity  end  eeeociated 
equljemmt  la  abeam  in  figure  If.  Pimp  power  eaters  through  the 
Ids  -  window  In  the  cavity  and  vs*rt'w*<s*w  a  microwave  magnetic 
flild  I,*  fnrsUai  to  thU^leU  is  the  static  maghtftiv field  *>• 
The  signal  input  enters  through  the  coerlsl  line  aad  slp^bi  turn 
of  wire  wrapped  About  the  quarts  tube  end  sphere.  The  device 
operating  as  a  negative  resistance  amplifier  produces  more  power 
at  the  signal  frequency  than  the  input  power.  This  power  passes 
down  the  coaxial  line  end  through  the  action  of  the  circulator 
appears  at  the  output  port. 


/.<> } 


Fig.  16  Polished  single  crystal  sphere 


Fig.  17  Ferromagnetic  microwave  amplifier 
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Tb*  ptaplng  1«  parallel.  Tvo  magnetostatic  nodes  arm 
«plojr«d  ud  pusping  in  tb*  Instability  region  HI  is  utilised  to 
reduoe  nolsa. 

Cooo la* lens 

Sons  of  tbn  nooreL  features  of  solid  stats  paranatrlo 
amplifiers  bars  beta  discussed*  Tbssa  must  ba  properly  tsidsrstuud 
and  utilised  In  design  lag  tbssa  da  Tices  into  existing  systems. 

9bs  ganaral  theory  of  paranatrlo  punping  Is  applied  In  tbs  ease  at 
tba  farronagnetle  microwave  aspUflar  la  an  effort  to  reduce  tbs 
noise  encountered  la  this  amplifier. 
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PROPERTIES  AND  DEVICE  APPLICATIONS  OF  EVAPORATED  InSb  FILMS 
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ABSTRACT 

The  galvanomagnetic  properties  of  evaporated  intermetallic 
semiconductor  films  of  indium  antimonide  were  investigated  and  are 
presented  with  emphasis  on  their  application  to  devices  employing  the 
Hall  effect.  The  design  and  construction  of  a  magnetometer  based  on 
the  pulsed  operation  of  a  thin  film  Hall  generator  will  be  described 
in  detail.  The  magnetometer  is  capable  of  resolving  d.c.  or  alter¬ 
nating  magnetic  fields  of  the  order  of  10"^  gauss.  Operation  of 
either  d.c.  or  pulse  driven  analog  multipliers,  dividers,  square  root 
computers  and  function  generators  based  on  the  Hall  effect  in -InSb 
films  Vlll  be  discussed  and  compared  to  similar  devices  using  bulk 
crystalline  materials. 


INTRODUCTION 

Vacuum  deposited  thin  films  of  Indium  antimonide  with  gal¬ 
vanomagnetic  properties  similar  to  those  of  bulk  crystalline  In5b  can 
be  prepared  most  advantageously1"^  by  means  of  the  "three  temperature 
control  process." 

The  main  feature  of  this  process  is  the  individual  regula¬ 
tion  and  temperature  control  of  separate  crucibles  containing  puri¬ 
fied-  and  zone-  refined  In  and  Sb,  Microscope  cover  slips  of  giaaa 
used  as  substrates  for  the  film  are  heated  by  a  radiant  sourcauandar 
close  temperature  control.  The  temperature  of  the  substrate  must  be 
maintained  above  the  condensation  temperature  of  either  the  In  or  the 
Sb  within  the  vacuum  chamber  and  below  the  melting  temperature  of 
InSb.  The  rate  of  evaporation  in  conjunction  with  the  effective  sub¬ 
strata  temperature  determines  to  a  large  extent  the  stoichiometry  of 
the  deposited  film  and  tbu  size  of  the  crystallites  within  it. 

The  impurities  Incorporated  into  thu  film  durLng  deposition 
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deturmlnu  thu  typu,  concentration  and  thu  uffuctlvu  mobility  of  thu 
charge  carriers,  Although  the  film#  are  polycrystaLllnu  and  thoru  la 
evidence  of  localized  variations  In  their  composition  and  a  fluctua¬ 
tion  In  their  thickness,  offuctiva  eluctron  mobilities  of  the  order  of 
10^  cmV(volt-suc)  have  beun  obtained  In  10“^  cm  thick  films. 

Tne  hlgn  mobility  ana  the  long  mean  tree  path  ot  electrons 
In  InSb  suggest  a  large  number  of  potential  applications  for  these 
films,  especially  with  continued  Improvement  In  the  methods  of  crystal¬ 
lization  and  deposition.  At  present,  the  direct  application  to  de¬ 
vices  based  upon  the  Hall  effect  appears  most  promising.  However, 
the  galvanomagnetic  properties  of  these  films  need  to  be  known  in 
order  to  build  practical  Hall  generators.  In  the  following  sections 
details  will  be  presented  on  some  measured  galvanomagnetic  properties 
of  films.  A  comparison  will  then  be  made  with  the  known  electrical 
properties  of  bulk  crystalline  InSb  and  finally,  the  development  of 
some  specific  circuitry  for  selected  applications  of  thin  film  Hall 
generator  applications  will  be  Illustrated. 

EXPERIMENTAL 


If  the  rate  of  evaporation  of  each  of  the  film  constituents 
is  held  constant  it  is  then  reasonable  to  expect  the  average  thickness 
to  be  dependent  upon  the  duration  of  the  evaporation  cycle.  Figure  1 
shows  that  this  is  Indeed  the  case  for  evaporation  periods  up  to  20 
minutes.  Films  up  to  5  x  10^  A  thick  were  measured  by  means  of  the 
interferometric  technique  described  by  Tolansky.^  For  thicker  films 
the  infrared  Interference  reflection  measurements  described  by  Potter 
and  Kretschmar^  were  used.  Both  methods  yield  at  best  a  nominally 
average  value  of  thickness,  but  each  appears  to  be  self-consistent 
within  an  experimental  error  estimated  to  be  of  the  order  of  47.. 

Films  less  than  10"^  cm  in  thickness  contain  generally  a  large  number 
of  pinholes  and  sequentially  evaporated  films,  deposited  under  appar¬ 
ently  identical  evaporation  procedures,  vary  in  thickness  by  more 
than  100%.  Thicker  films  are  pinhole  free,  appear  to  he  better 
crystallized  than  the  thin  films  and  their  x-ray  diffraction  pattern 
suggests  complete  stoichiometry  of  the  compound.  Films  in  the  thick¬ 
ness  range  of  to  2  x  10-Zf  ca  appear  to  have  more  reproducible 

electrical  characteristics  and  the  subsequently  described  experiments 
apply  primarily  to  such  films.  Following  deposition  of- InSb, -tne 
coated  glass  slides  are  cot  to  either  of  the  shaped  contours  shown  in 
Fig.  2.  ’  Gold  aladtrodesr  are -then  evaporated  for  the  H&li  und  drive 
current  electrodes  and  .eads  are  attached  to  these  by  means  of  silver 
adhesive  paste. 


The  electrostatic  shorting  effects  of  the  electrodes  were 
Investigated  for  both  geometries  shown  in  Fig.  2.  A  decrease  In  the 
Hall  voltage  of  about  10%  was  noted  for  wide  area  drive  current 
electrodes  compared  to  point  contact  electrodes. 

By  decreasing  thu  length  of  a  Hall  generator  L.u.,  extend- 


Wludur 


Figure  1.  Film  thickness  is  shown  to  depend  upon 
the  duration  of  evaporation  for  one 
series  of  sequentially  deposited  films. 


Figure  2.  Two  different  InSb  film  Hall  plates  on  micro 
scope  cover  glass  substrates  are  shown  with 
evaporated  gold  electrodes.  Pilot  holes  are 
for  wire  leads.  ^  - 
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Ing  thu  dclvu  currunt  uluctcodus  while  maintaining  thu  wLdth  constant, 
thu  theoretical  predictions**  of  oluctrostat Ic  shorting  wucu  tuatud  for 
thruo  dlffurunt  spuclmuns,  Figure  3  show#  iliu  excellent  adhuruncu  bu- 
twuun  the  thuoruticuL  curvu  and  chu  oxpurlmuntul  data,  thu  subsequent - 
ly  described  muasuromants  wuru  performud  on  Hall  generators  having  a 
length  to  width  ratio  of  2.8. 

*’ 

GALVANOMACNET IC  MEASUREMENTS 

Figure  4  shows  the  Hall  voltage  v^  as  a  function  of  drive 
current  l  of  two  different  Hall  generators  subjected  to  an  Identical 
magnetic  field  of  5  x  103  gauss.  Sample  lb  Is  typical  of  the  undoped 
InSb  films  fabricated  by  means  of  the  procedures  described  above; 

Is  linear  In  l  up  to  6  ma  while  higher  currents  cause  significant 
joule  heating  of  the  film.  The  Increase  in  temperature  affects  the 
Hall  coefficient  and  the  conductivity  9  primarily  through  the 
thermal  activation  of  charge  carriers.  For  n-type  films  Rh  decreases 
with  temperature  hence  the  nonlinear  portion  of  vh  vs.  I  In  Fig.  4 
shows  a  slope  less  than  one.  On  the  other  hand,  sample  88a  Is  an 
InSb  film  deliberately  doped  with  copper  during  the  evaporation  pro¬ 
cess.  Its  Hall  voltage  Is  linear  In  l  up  to  9  ma  but  thereafter  It 
Increases  sharply  with  the  drive  current.  The  differences  In  the  be¬ 
havior  of  the  two  samples  may  be  understood  In  terms  of  the  experi¬ 
mentally  measured  behavior  of  Rh  as  a  function  of  temperature. 

Figure  5  shows  a  plot  of  Rh  vs.  the  reciprocal  absolute  temperature, 
with  calculated  from  the  linear  portion  of  graphs  such  as  shown 
In  Fig.  4.  Sample  lb  exhibits  a  behavior  typical  of  n-type  InSb6 
with  donor  activated  electronic  conduction  In  the  extrinsic  tempera¬ 
ture  region.  Sample  88a  Is  shown  to  behave  In  a  manner* similar  to 
bulk  p-doped  crystalline  InSb.  In  the  extrinsic  temperature  region 
Its  charge  carriers  are  predominantly  acceptor  activated  holes  with 
copper  probably  replacing. In  substltutlonally  In  the. JnSh.  crystal 
lattice  and  acting  as  a  doubly  Ionized  acceptor.  At  300°K,  It  Is 
clear  therefore  from  Fig.  S  that  the  slope  of  R^  with  temperature  Is 
positive  for  sample  88a  while  It  Is  negative  for  sample,  lb. 

In  general r  all  films  of  InSb  evaporated  by  means  of  the 
"three  temperature  central  process"  are  n-type  If  acceptors  are  not 
deliberately  introduced  Into  the  heated  crucibles  or  the  vacuum 
chamber.  The  sequentially  evaporated  films  do,  however,  show  a  con¬ 
siderable  variation  in  the  degree  of  charge  carrier  compensation  and 
in  the  ttonbecof  donor  impurities  present,  irrespective  of  the 
stoichiometry.  Since" for  n-type  InSb,  R.  **  <i/ne),  tfiiilSerate  doping 
of  a  film  with  donor  Impurities  reduces  the  temperature  .dependence  of 

Rb* 


The  Hall  coefficient  of  an  InSb  film  having  both  positive 
and  negative  charge  carriers  may  be  written  as: 
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Figure 


Figure 


3.  Percent  of  Change  in  Hall  Potential  as  a  Function  of  the 
Length-to-Width  Ratio  for  Two  Samples.  The  curve  is  the 
theoretical  curve  predicted  by  Isenberg,  Russell,  and 
Greene. 


4.  Hall  voltage  vs.  Hall  current  for  two  different  Hall 
generators  In  a  tie  id  of  3  *  10*  gauss  and  at  an  am¬ 
bient  temperature  of  299°*;  Open  circles  represent 
data  obtained  a  ample  lb,  a  normal,  n-typtrfllffl, 
triangles  re  ter  to  sample  8/ia,  a  copper  doped  p-type 
film. 
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R.  -  (-l/o)  (1) 

n  <nb  +  Pr 

whero  b  *  the  ratio  of  oluctron  to  hoiu  mobilities,  n  ■  oluctron  con¬ 
centration  ami  p  — -  hole'  coitttftrtra'eion*  per  em-^v  Since  n  ^  p  +  M  whet* 
the  total  concentration  of  Impurities  Is  N  •  NQ  -  NA  with  MD  ■  donor 
concentration  and  NA  the  acceptor  concentration,  It  follows°that: 

p2  +  Np  -  np  -  0  (2) 

Solving  for  n  and  p  yields: 

n  -  (N/2)  [1  +  x)*  +  l] 

p  -  (N/2)  [I.  +  x)^  -  l]  (3) 

2 

where  x  •  (4np/N  ).  Substituting  equation  (3)  in  (1): 


(1/Ne) 


+  x  -  1)  +  b 


[<i)(b  +  i)(/rr?  - 1)  +  b y 


In  any  device  application  of  the  Hall  effect,  it  is  desir¬ 
able  to  minimize  the  temperature  dependence  of  the  Hall  coefficient. 
Galavanov?  has  shown  a  method  for  reducing  the  temperature  dependence 
of  the  Hall  voltage  by  controlling  the  concentration  of  donor  impuri¬ 
ties  in  an  n-type  semiconductor:  Suppose  the  Hall  voltage  in  the  e*. 
trlnaic  region  at  the  temperature.  Tp  Is  vh(T0) .  Let  the  highest  temp¬ 
erature  under  consideration  by  v^T) .  Let  the  maximum  permissible 
change  in  vh  be:  . 

VV  -  VT>  w  -  VT>  , 

vv  -  w 

whet*  at  »  R^(T> and  *  -  (i/5e) *  Since  far  l»Sb  the  mo- 

biilty  ratio  b  *  32  and  as  a  first  approximation  may  be  considered  to 
be  independent  of  temperature: 


(1  *  *)J  +  1  •*-•** 

Calculating  the  minimum  impurity  concentration  for  a  predeter¬ 

mined  temperature  dependence  of  leads  therefore  to: 


<  l  -  Ot)  • 


(7) 
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Let  thu  duslrud  change  In  remain  ut  less  than  27.  butwuun  -SO'G  and 
+50°C  l.u.,  a  •  0.98  and  Nm^n  •  6.95  n^J  ut  323°K  thu  intrinsic 
currlur  concentration  is: 

n£  •  6  *  l&14  slU3V2  exp  (-  )  (8) 

Consequently  •  3.28  x  1016  electrons/cm3  and  Nfflin  »  2.28  x  101? 
donor  Impurities  per  cm3.  The  Hall  coefficient  in  extrinsic  region 
should  not  exceed  a  value  Ru  *  27.6  cnr/coul.  if  (Dv^/dT^  ^  is  not  to 
vary  by  more  than  2%  over  the  temperature  range  specified  Above. 
However,  since  the  field  sensitivity  of  a  Hall  generator  fabricated 
from  an  n-typa  plate  of  InSb  may  be  written  as: 

vh/B  -  (l/ne)(i/d)  (9) 

with  B  %  the  magnetic  induction  and  d  the  thickness  of  the  Hall 
plate,  an  increase  in  the  total  carrier  concentration  will  bring 
about  a  decrease  in  its  sensitivity.  A  compromise  is  thus  required 
in  device  design  between  the  desired  sensitivity  and  thermal  stabil¬ 
ity  of  a  Hall  generator. 

Prom  sample  88a  in  Fig.  5  the  mobility  ratio  may  be  calcu¬ 
lated6  as  b  »  32  and  the  impurity  concentration  in  the  extrinsic 
region  is  (NA  -  Nq)  •  3.91  x  101'  impurities /cm3.  The  strong  temp¬ 
erature  dependence  of  Rh  in  the  vicinity  of  room  temperature  makes 
such  doped  films  unsuitable  for  Hall  generator  applications.  .Con¬ 
ceivably,  however they  might  be  useful  as  thermal  detectors  or  bolo¬ 
meters  when  cooled  in  the  vicinity'  of  the  temperature  at  which- 
(dRjj/dT)  is  a  maximum  (near  the  transition  in  sign, of  the  Hall  co¬ 
efficient  at  R^  ■  0) . 

Figure  6  shows  the  temperature,  dependence  of  the  conduct¬ 
ivity  of  the  above  two  sample*  calculated  from  the  temperature  de¬ 
pendence  of  their  resistances  measured  at  S  ■  0. 

The  effects  of  lahomogeaeity  in  a  thin  semiconductor  film 
arise  primarily  la  the  calculation  -of  the  effective  resistance, 
^nppnna  that  sash  a  film  consists  on  a  microscopic  scale  of  semi* 
eesafactor  grains  in_ Imperfect  contact  with  each  other.  The  macro- 
•topic  resistivity  p  will  then  appear  to  be  large*  than  the-  resist¬ 
ivity  of  the  semiconducting  grain*  asj  .  .. 

?  -  9  U  +  9)  U<>> 

where  g  is  a  parameter  that  depends  upon  grain  size  and  the  grain 
geometry*  The  ttaU  constant  R^,  is  not  mater  tally  altered  by  the 
inhomogenelty  of  the  film*  This  Is  the  case  even  If  the-#«»lcon<iuct- 
o*  grains  are  surrounded  by  a  high  resistivity  layer  provided  that 
this  layer  thickness  is  small  with  respect  to  the  grain  d  linens  loos . 
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Figure  5.  Hall  coefficient  vs.  reciprocal  absolute 
temperature  for  n-type  sample  lb  (open 
circles)  and  p-type  sample  88a  (triangles) 
Measurements  were  made  in  a  constant 
magnetic  field  B  -  2  x  103  gauss. 


Figure  b.  Temperature  dependence  u£  victual 
conductivity  of  specimens  lb  -(open 
c Ire ie*>  and  '88.»  (triangles)  at 
B  •  0. 
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Since  Chu  calculated  thlcknuH't  Lh  at  beat  an  avuragu  valuu 
for  those  films  and  no  account  la  taken  huru  of  Lntucgraln  barrier 
resistances  of  their  temperature  dependence,  o  La  probably  bent  ex¬ 
pressed  as  a  virtual  conductivity.  A  virtual  Hall  mobility  may 
then  bo  calculated  for  each  of  thu  samples  by  means  of  figures  4  and 
5. 


At  300°K  sample  lb  has  a  virtual  electron  mobility  ■ 

4.95  x  10^  cm^/(volt-sec) .  The  virtual  electron  and  hole  mobilities 
of  sample  88a  at  its  maximum  value  were  calculated  respectively  as: 
pn  •  5.83  x  10**  cm2/(volt-sec)  and  pp  *  1.82  x  10^  cm2/(volt-sec) . 


The  Hall  coefficient  was  found  to  be  independent  of  the 
applied  magnetic  field  over  the  temperature  range  of  these  investi¬ 
gations  for  sample  lb.  For  sample  88a  the  Hall  coefficient  de¬ 
creases  with  magnetic  field  in  agreement  with  the  measurements  re¬ 
ported  on  bulk  InSb  and  the  expected  behavior”  in  accordance  with 
the  theoretical  model  of  a  two  carrier  type  semiconductor.  The 
decrease  in  is  of  the  order  of  12%  as  the  field  is  increased  from 
10”  to  1(j*  gauss  at  300°K.  A  small  magnetoresistive  effect  of  the 
order  of  207.  at  10^  gauss  was  measured  on  sample  88a  with  the  change 
in  resistance  proportional  to  B  .  Other  galvanomagnetic^  effects 
are  of  second  order  in  importance  in  InSb  and  a  preliminary. evalua¬ 
tion  of  their* contribution  to  the  measured  adiabatic  Hall  potential 
In  films  in  the  vicinity  of  300°K  shows  them  to  be  negligible. 


For  zero  magnetic  flux  a  potential  will  generally  appear 
across  the  output  electrodes  of  a  Hall  plate  when  a  drive  current 
is  applied  to  it.  This  potential  has  its  origin  in  the  misalignment 
of  the  Hall  electrodes  with  respect  to  an  equlpotential  plane  across 
the  Hall  plate. 


Methods  of  compensating  for  the  misalignment  voltage  on  a 
Hall  plate  generally  use  an  external  resistance  bridge  and  the  mis¬ 
alignment  potential  is  reduced  to  zero  by  balancing  this  bridge. 
Another  method  to  compensate  for  the  misalignment  voltage  is  to 
arrange  a  current  path  parallel  to  the  Halt  plate.  By  adjusting  the 
resultant  potentiometer  circuity  the  voltage  across  the  Hall  contacts 
at  zero  field  can  be  brought  down  to  a  value  less  than  5p.v. 

garb  of  these  methods  has  the  advantage  that  very  little 
output  power  will  be  Jest  is  the  compensating  network.  There  are 
sons  apparent  disadvantages ,  however.  By  means  of  aa  equivalent 
bridge  circuit  it  may  be  shown  that  for  the  bridge  configuration, 
the  change  in  the  misalignment  potential  with  temperature  is  pro¬ 
portional  to  tha  temperature  dependence  of  the  resistivity  of  a 
Hail  generator  driven  by  a  constant  current  source.  This  difficulty 
is  not  encountered  in  a  potentiometer  compensator.  By  carefully  re¬ 
moving  small  film  Increments  from  thu  side  arms  of  Hall  plates  such 
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os  illustrated  in  Fig.  2,  it  wan  found  possible  to  ruducu  the  inls- 
nlignmunt  potuntiai  to  a  negligibly  small  value  at  room  tuinpurnl.uru, 
Within  ±25°C  of  the  ambiunt  temperature  thu  miaul Ignmont  potuntiai 
was  found  to  increase  linuarly  with  thu  drivu  currunt  within  thu 
linuar  vb.  i^  region  for  samptu  lb.  in  uny  cuaa  thu  reduction  of 
tha  misalignment  voltage  is  dusirublu  aincu  circuital  compuuBation 
methods  are  not  very  satisfactory  when  thermal  drift  of  the  misalign¬ 
ment  voltage  must  also  be  suppreuued, 

DEVICE  APPLICATIONS  OF  InSb  FILMS 

The  Hall  generator  is  a  multiplier  yielding  the  vector  pro¬ 
duct  of  two  quantities  which  can  be  translated  into  orthogonal 
electric  and  magnetic  fields.  The  Hall  voltage  is  the  resultant 
transverse  output  due  to  the  interaction  of  these  vectors.  The  many 
applications  proposed  for  the  Hall  effect  are  concerned,  in  a 
generic  sense,  with  its  use  as  a  multiplier  or  transducer  in  a  simple, 
compact,  passive,  solid  state  device  with  the  following  advantages: 

(a)  Hall  generators  depend  for  their  operation  upon 
majority  carriers  and  the  usual  problems  associated  with 
semiconductor  junction  devices  are  not  significant. 

(b)  Hail  generators  are  linear  devices  over  a  consider¬ 
able  range  of  magnetic  fields  and  input  currents,  a  facet 
which  is  important  for  their  use  in  transducers  or  linear 
detectors  and  demodulators. 

(c)  Because  of  the  short  relaxation  time  of  carriers  (of 
the  order  of  10“*2  seconds) ,  the  Hall  effect  in  inter- 
metallic  semiconductor's  such  as  InSb  is  frequency  inde¬ 
pendent  over  _  the  spectrum  needed  for  probing  magnetic 
field  distribution'll;  waveguides ~or  cavities-  through  the 
p-wave  region. 

The  criteria  for  the  practical  application  of,  bulk  crystal¬ 
line  Hall  generators  apply  to  thin  film  devices  as  well.  The  latter 
have  some  inherent  advantages  and  disadvantages: 

(a)  Thin  films  mounted  within  tha  gap  of  a  magnetic  cir¬ 
cuit  such  as  used  for  Hall  effect  based  analog  multipliers, 
fi eld  a  large  open  circuit  output  because  v.  is  inversely 
proportional  to  tha  Hall  plate  thickness  and  also  because 

~~  the  effective  magnetic  permeability  and  hence  8  Increases 
as  the  gap  is  reduced.  ■szxz~-ss 

(b)  The  large  surface  to  volume  ratio  of  ’films  improves 
the  thermal  -dissipation  of  Joule  heat  by  surface  conduc¬ 
tion  and  their  high  internal  resistance  (660  ohms  for 
sample  Ic)  compared  to  bulk  Hall  generators  (of  the  order 
of  t  ohm)  simplify  the  design,  construction  and  operation 
of  associated  circuits. 
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(c)  Impurity  doping  may  bu  usud  to  decrease  thu  tempura- 
turu  duponduncu  of  R^  by  increasing  thu  curriur  coneuntrn- 
tion  at  thu  uxpunuu  of  a  ducruattu  in  p  and  an  increase  in 
o  for  both  bulk  and  thin  film  devices. 

(d)  Tha  ufficluncy  I]  of  u  film  Hall  generator  (whun  match¬ 
ed  to  a  load  resistance  equal  to  its  internal  resistance) 
is  toss  chan  cnat  of  buiklnSb  uevtcas  since  ij  varies  as 

and  the  p^  of  presently  available  films  is  smaller  by  ut 
least  a  factor  of  6  compared  to  single  crystal  InSb. 

(e)  For  a  dc  power  dissipation  fixed  by  the  thermodynamic 
parameters  of  a  Hall  generator  and  its  surroundings,  a 
decrease  in  the  duty  cycle  of  1^  allows  an  increase  In  its 
peak  amplitude  while  maintaining  the  joule  heating  of  the 
film  below  the  peak  permissible  thermal  dissipation.  Thus 
pulsed  operation  of  a  Hall  generator  offers  a  convenient 
method  for  increasing  the  effective  sensitivity  and  extend¬ 
ing  its  linear  region  of  v^  vs.  i. 

The  inherent  simplicity  of  the  Hall  effect  is  an  obvious 
advantage  in  its  use  for  the  detection  and  measurement  of  magnetic 
fields.  The  proportionality  between  the  magnetic  Induction  and  the 
Hall  voltage  is  the  basis  for  the  magnetometer  applications  of  the 
Hall  effect. 

The  peak  allowable  power  density  Pm  for  a  particular  film 
geometry  and  conductivity  is  determined  primarily  by  the  joule  heat¬ 
ing.  Its  magnitude  is  the  steady-state  power  dissipation  in  terms 
of  the  dc  current  density  Jx.  If “the "current  is  applied  iiTthe  form 
of  rectangular  pulses  of  duration  T  and  repetition  rate  v,  then  for 
an  equivalent  dc  heating  effect,  Jx  *  Jp(Tv)  *,  where  J  is  the  peak 
pulse  amplitude.  An  increase  in  sensitivity  may  thus  b£  obtained  by 
pulse  driving  a  Hall  detector.  A  further  increase  in  sensitivity  may 
be  obtained  hy  placing  the  Hall  plate  between  ferrite  or  n-metal*  field 
concentrators,  The  effective  permeability  pe  in  the  gap  between  them 
is  determined  by  the  permeability  and  geometry  of  the  field  concen¬ 
trators  as  well  as  the  gap  spacing. 

The  subsequently  described  results  were  obtained  on  an 
InSb  film  Hall  detector  mounted  between  ferrite  field  concentrators 
having  a  nominal  permeability  of  500 * "  The  gap  between  the  Concen- 
4  trators  is  0.035  cm.  The  dimensions  of  the  Hail  plate  are', 

0.48  cm,  d  "  1*6  x  10“^  cm,  and  w  ■  0,24  cm.  At  +25°C ,  the  conduct¬ 
ivity  of  the  film  was  determined  to  be  u  «  26.6  (obm-cni)  and  the 
Hall  coefficient  as  Rj,  *  155.3  cnr/coul.  The  effective  mobility  is 
then  p  *  4,13  x  Mr  cm^  (volt-sec)  .  For  a  steady-state  magnetic 
field,  identical  values  of  are  obtained  either  with  a  dc  or  a 
pulsed  current  drive  up  to  a  puuk  value  of  I  *  9  raa.  Above  9  raa, 

Vjj  still  increases  linearly  with  the  pulse  current  Jp.  The  sensi¬ 
tivity  of  the  magnetometer  may  be  shown  to  bet  v  * 


iU, 
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<vh/,,)  “  <vy<vvd)!'  (U) 

Since  for  the  above  duacrlbod  film  spuclmun  P((J  *  0,336  w/ctn^,  thop 
for  a  pul.Hu  duration  of  10*  ^  saconds  and  a  repetition  rate  v  ■  I  O'4  ppa 

v^/B  ■  8.8  x  10  ^  volta/gauaa  (12) 

With  the  field  concentrators  in  place,  was  found  to  increase  by  a 
factor  of  6S  in  the  same  steady  state  field  of  the  order  of  0.3 
gauss.  The  effective  sensitivity  of  the  magnetometer  is  therefore 
(v^/B)  ■  0.372  volts/gausa.  Taking  the  smallest  Hall  output  pulse 
vtj  above  noise  as  10  ^v  then  the  smallest  detectible  field  is  5.72 
x  10 gauss.  Experimentally  this  was  confirmed  by  plotting  the 
field  strength  pattern  of  bar  magnet  which  yielded  the  expected  di¬ 
pole  configuration.  The  output  of  the  magnetometer  was  applied  to 
an  oscilloscope  and  fields  out  to  8  x  10"^  gauss  were  measured  in 
this  manner. 

If  the  magnetic  field  to  be  measured  is  a  periodic  function 
of  time,  then  a  sampling  method  may  be  employed  in  conjunction  with 
the  pulsed  Hall  detector.  The  waveform  as  well  as  the  amplitude  and 
direction  of  a  magnetic  field  may  be  determined  and  the  usual  advan¬ 
tages  of  sampling  procedures  may  thus  be  realized.  The  construction 
and  performance  of  such  sampling  magnetometers  have  been  described 
earlier.10  It  was  shown  that  the  minimum  detectible  field  is  of  the 
order  of  4  x  10“  gauss  at  a  field  frequency  of  the  order  of  1  kc. 

The  magnetometer  may  bsrtmproved  considerably  by  us  ini;"  thinner  films 
of  higher  mobility  InSb,  designing  the  field  concentrators  for  an 
optimum  p  and  bandwidth  and  improving  the  thermal  heat' transfer  be¬ 
tween  the  film  and  its  surroundings.  - 

Much  of  the  literature  on  the  applications  of  the  Hall 
effect  is  concerned  with  the, use  of  Hall  generators  as  multipliers 
for  analog  computer  applications.11  An  input  parameter,- translated 
into  a  dc  or  alternating,  current  is  applied  to  a  Hall  plate  and  a 
second  input  parameter  is  translated  into  an  orthogonal  magnetic 
field  which  is  either  dc  or  time  varying.  The  Hall  voltage  output  - 
la  than  proportional  to  the  product  of  the  two  input  quantities  and 
tba  multiplier  nay,  of  course,  be  used  as  a  modulator  or  demodulator 
as  well, 


■  A  prime  consideration  in  the  application  of-  such  a  multi¬ 
plier  is  the  accuracy  of  multiplication,  the  ran^e  of  linearity  be¬ 
tween  vh,  i  and  B,  the  long  torn  as  well  as  the  short  term  stability 
of  the  device  in  the  presence  of  noise,  temperature  changes  or  other 
perturbations.  In  view  of  the  earlier  presented  data  on  the  temper¬ 
ature  sensitivity' of  high  mobility  InSb  films,  It  is  desirable  to 
axtend  the  linear  range  of  vs.  i  by  pulse  driving  the  Hail  go nor- 
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«tor  and  to  improvu  thu  thurmal  dlos ipnt Lou  of  hunt  from  thu  film  by 
conduction.  £t  la  not  coiuildurcd  duslrublu  to  dopu  thu  film  with  n- 
typu  linpurltlua  alnci-  thin  ruducua  thu  fluid  ftunaltLvlty  of  thu  Hull 
gunurutor. 


Thu  construction  of  a  pulsed  uxpurlmunt.il  multiplier  Is 
shown  In  FIs.  7.  Thu  map.nutjCimutJ.uu  Caeca  la  supplied,  by  the  cucruut- 
lc  through  thu  solenoid  mounted  In  thu  ferrite  cup  core  shown.  The 
latter  also  contains  thu  Hall  plate  mounted  on  Its  center  posts  with 
the  leads  connected  in  such  a  manner  as  to  minimize  inductive  coup* 
ling.  Thermal  contact  is  provided  between  the  film  and  the  ferrite 
by  means  of  silicon  grease.  Provided  that  B  is  below  saturation, 
hysteresis  effects  are  negligible  and  R^(T)  is  considered  lndepen* 
dent  of  temperature: 


vh  -  k  t.lh  (13) 

where  k  is  constant  and  a  parameter  of  the  magnetic  circuit  and  the 
Hall  plate.  Pulsed  operation  of  such  a  device  requires  the  synchron¬ 
ization  of  i.  and  ic  and  the  correction  of  the  pulse  unbalance  poten¬ 
tial  in  addition  to  the  earlier  mentioned  reduction  of  the  dc  mis¬ 
alignment  potential.  A  suitable  circuit  for  pulse  driving  the  multi¬ 
plier  Is  shown  in  Fig.  8  and  the  results  obtained  with  it  are  shown 
in  Fig.  9.  For  either  dc  or  pulsed  operation  the  multiplier  output 
is  proportional  to  the  product  of  i^  and  ic  with  an  accuracy  better 
than  ±  17..  Within  the  range  of  ih  shown  in  Fig.  9,  thermal  drift  is 
negligible  although  higher  values  of  1^  produce  non-systematic  fluc¬ 
tuations  In  the  null  balance  of  the- circuit  and  might  have~~tro  be 
surpressed  by  thermal  compensation  of  the  circuit. 
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.  Other  analog  computer  functions  such  as  division-may 
also  be  performed  by  means  of  Hall  generators.  Figure  10  shows  a 
circuit  using  a  Hall  multiplier  whose  output  v^  is  compared  against 
an  arbitrary  input  signal  v^  at  the  input  of  a  differential  .ampli¬ 
fier.  The  amplified  difference  (Vu  *  v.)  determines  the  output 
current  and  hence  the  light  intensity  of  the  lamp  A.  The  latter 
controls  the  resistance  of  the  photoresistor  r  and  hence  the  current 
iu  of  the  Hall  generator.  Thus  the  electrooptic  transducer  composed 
of  i  and  r  constitute  a  feedback  loop  around  the  differential  ampli¬ 
fier  and  also  isolate  the  input  from  the  output  circuit  of  the  Hall 
plate.  _ _ _ 


For  a  finite  misalignment  potential  of  the  Hall  generator, 
v„  »  01},  where  £  •  constant,  the  Hall  current  with  the  circuit  in 
the  -quiescent  state  is  given  by: 

v  /(k  l  > 

I  m  4  a  /  1  /.  \ 
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Figure  7.  Analog  multiplier  showing  Hall  plate 
mounted  on  ferrite  cup-core,  lead 
arrangement  for  minimizing  inductive 
pickup,  and  magnetizing  solenoid. 
Silicon  grease  is  introduced  in  gap 
between  Hall  plate  and  ferrite  center 
post  for  decreasing  current  induced 
heating  of  film. 


Figure  8.  Circuit  used  for  pulsed  operation  of 

thin  film  Hall  generators.  Fuise  trans¬ 
former  T  isolates  Hall  plate  from  generator 
supplying  pulse  current  lu>  Tha  mm£ 
supplied  by  pulsed  current  l^  through^ 
solenoid  S  is  synchronised  with  lh*  Re¬ 
sistor  R  ami  variable  capacitor  C  are 
us ed  to  balance  misalignment  pufctflfclal. 
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Figure  9.  Hall  voltage  output  vs.  drive  current  of  pulsed  multi¬ 
plier  for  fixed  values  of  ic.  Pulse  data  is  shown  by 
open  circles.  Filled  dots  show  behavior  of  multiplier 
for  both  ic  and  i^  driven  from  dc  current  sources. 


Figure  10.  Analog  divider  based  on  the  Hall  effect.  The  analog 
multiplier  M  whose  output  la  amplified  by  the  differ 
ential  amplifier  A  has  an  input  current  1^  (derived 
from  voitagu  source  V),  controlled  by  electrooptic 
traniducer  X  in  the  negative  feedback  loop  of  A. 
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Thu  Hull  cuccont  will  I >u  proportional  to  Lhu  ratio  (v^/k  lc)  foe 
(p/k  lc)  I  bunco  tho  accuracy  of  division  dupundu  upon  ruduulng  thu 
misalignment  voltagu  to  a  minimum  and  Incrunulng  thu  parameter  k  of 
thu  muitLpllur  (equation  2)  to  Its  maximum. 

A  dc  muitLpllur,  similar  to  that  shown  In  Fig.  7,  was  In* 
corporatud  Into  a  ratio  comnutur  built  In  accordance  with  thu  diagram 
of  Fig.  10.  It  was  found  that  over  a  4:1  rangu  ot  L-,  thu  Hall  cur¬ 
rent  iu  Is  Indued  proportional  to  the  ratio  (vj/k  Lc)  to  within  27.. 
This  illustrates  another  potential  use  of  Hall  generators,  although  a 
disadvantage  of  this  device  Is  its  lack  of  long  term  stability  because 
of  inherent  thermal  drift  and  hysteresis  connected  with  this  particu¬ 
lar  feedback  transducer. 

Hall  generator  multipliers  may  also  be  used  for  building  a 
simple  analog  square  root  computer.  The  construction  and  operation 
of  such  a  device  are  detailed  in  Fig.  11.  The  apparatus  enclosed  by 
the  dashed  square  labeled  HG,  comprises  a  commercially  available  Hall 
generator  plate  (Model  BH-200,  Bell  Inc.  1356  Norton  Ave.,  Columbus, 
Ohio)  mounted  on  the  center  post  of  a  ferrite  cup  core  (Ferroxcube 
Corp.  of  America,  Type  K3-001-0I) .  Within  the  cup  core  a  magnetic 
field  is  generated  perpendicular  to  the  plane  of  the  Hall  plate  by  a 
solenoid  also  shown  in  the  enclosed  rectangle  to  be  in  series  with  the 
drive-current  electrodes  of  the  Hall  plate.  The  Hall  voltage  output 
v^,  of  the  Hall  plate  is  proportional  to  the  product  of  the  magnetic 
induction  B  and  the  drive  current  ih  or:  vh  “  OBi^  where  a  is  a 
material  parameter  to  be  considered  here  as  a  constant.  The  magnetic 
induction  is  a  function  of  a  parameter  (J,  which  Includes  the  perme¬ 
ability  and  geometry  of  the  core  and  of  the  magnetizing  current  which 
in  this  case  is  also  the  Hall  current  i.e.,  B  *  pih  and  therefore: 

vh  *  optj  .  -  (15) 

The  Hall  voltage  vh>  proportional  to  the  square  of  the  drive  current, 
ia  than  applied  to  one  of  the  input  ports  of  the  differential  ampli¬ 
fier  A.  The  other  input  port  receives  the  input  signal  voltage  v  . 

The  difference  <v0  -  v^)  amplified  by  the  gain  of  the  differential 
amplifier,  drives  the  grounded  emitter  power  amplifier  (using  a  2N652 
transistor.)  The  output  current  of  the  latter  stage  drives  an  in¬ 
candescent  lamp  whose  light  intensity  output  determines  the  corres¬ 
ponding  resistance  of  a  phatoteslstot ,  The  purpose  of  this  -electro- 
optic  transducer  In  this  circuit  is  to  isolate  the  iRMNrplate  input 
from  the  output  and  thus  prevent  severe  loading  of  the  amplifier  A. 

The  2N174  power  transistor  in  a  common  emitter  configura¬ 
tion  controls  the  current  1^  obtained  from  a  10  volt  voltage  source. 

Let  v  •  0,  thu  Hall  current  Is  then  *  i  nut  and  is 
substantially  2uro.  Let  a  potential  vu  be  applied  to  the  Input  ot 
amplifier  A.  The  amplified  output  signal  drives  thtThns-u  of  the 
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Figure  11.  Circuit  diagram  of  square  root  analog  com¬ 
puter.  H*G  is  a  squaring  multiplier  using 
a  bulk  XnAs  Hall  plate  in  series  with  a 
solenoid  generating  a  mmf  by  means  of  cur¬ 
rent  i^. 

The  "Raysistor"  R,  is  an  electrooptic  trans¬ 
ducer  completing  the  feedback  loop  around 
differential  amplifier  A  whose  input  ports 
are  connected  to  the  Hall  voltage  and  to 
the  arbitrary  signal  v  .  ”•  * 


Figure  i 1,  Heauita  obtained  *itb  aqiwi'u  root  circuit 
—  -  of  Fig.  II.  The  Hall  current  is  shown  to 

he  proportional  to  the  square  root  of  th#;  i 
Intuit  signal  v  over  two  decodes. 
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2N652  causing  a  currunt  to  flow  through  thu  rnyaistor  lamp  and  shurp- 
ly  decreasing  thu  ruslstunco  of  thu  photorusiator .  This  causes  a  do- 
croaso  In  tho  bias  applied  to  thu  bn»u  of  thu  2N17A  power  translator 
and  consequently  causus  a  current  1^  to  flow  through  tho  solenoid 
winding  in  serlo*  with  thu  Hall  plate.  Thus  a  Hall  voltagu  Is  gener¬ 
ated  and  appears  at  tho  othur  input  terminal  of  amplifier  A.  Thu 
current  and  hence  tho  Hall  voltage  lnctease  up  to  the.  time 
when  ■  vQ  when  thuy  reach  a  steady  statu  condition  hence: 

vq  -  opi*  (16) 

Thus  the  drive  current  is  proportional  to  the  square  root  of  the  in¬ 
put  potential  v0: 

lh  -  (vo/0rp)^  (17) 

Figure  12  shows  the  preliminary  results  obtained  with  the  circuit  of 
Fig.  11.  A  log-log  plot  of  i^  vs.  vQ  is  seen  to  have  a  slope  of  (£) 
in  agreement  with  equation  (5)  over  two  decades  of  the  input  potential 
with  an  accuracy  better  than  1.57..  Experiments  presently  in  progress 
are  designed  to  extend  this  dynamic  range,  to  improve  the  accuracy 
of  computation  and  to  extend  the  operation  to  alternating  frequencies 
as  well  as  the  dc  conditions  shown  here. 

The  advantage  of  this  method  for  computing  the  square  root 
of  an  electrical  input  signal  rests  to  a  large  extent  upon  the  squar¬ 
ing  circuit,  i.e.  the  use  of  the  Hall  effect  in  an  intermetallic 
semiconductor  such  as  indium  antimonide  for  obtaining  an  output  which 
is  proportional  to  the  input  current  squared.  The  linearity  of  the 
Hall  effect  squaring  circuit  is  particularly  suited  for.. obtaining  a 
wide  dynamic  range  and  its  ruggedness  and  simplicity  and  stability  is 
particularly  advantageous  for  portable  use.  Suppose  that  the  voltage 
source  V  -  10  volts  in  Fig.  12  is  a  source  of  a.c.  potential.  The 
drive  current  i^  will  also  be  a.c.  Let  v0  be  an  a.c.  voltage  of  the 
same  frequency  and  is  phase  with  i.  T  then  A  may  be  an  a.c.  differen¬ 
tial  amplifier  ami  the  electrooptic  transducer  nay  then  be  replaced 
by  a  transformer  and  still  the  essential  input  to  output  Isolation 
may  be  achieved.  A  square  root  computer  may  be  designed  for  wide¬ 
band  frequency  response  provided  that  due  account  is  taken  of 
synchronization  between  v.  and  y_. 

An  ionized  gas  lamp  may  be  used  instead  of  the-  filamentary 
lamp  shown  In  Fig.  2  for  the  rays  Is tor.  Preliminary  experiments  also 
show  the  effectiveness  of  electroluminescent  panel,  photoconduttor 
type  device  is  useful  instead  of  thu  rays  is  tor  although  it  is  much 
less  sensitive. 

The  differential  amplifier  A  may  be  rep  laced.  by„  a  single 
ended  d.c.  amplifier  provided  that  the  Input  signal  v0  ts  placed  in 
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aurLuti  with  tho  output.  signal  V|t . 

Thin  £ L Lin  liaLL  gunuratocs  may,  o£  course,  bu  unud  Ln  bulLd- 
ing  such  an  analog  aqua to  root  computer  provided  that  duu  uccount  In 
taken  of  the  llmltud  currunt  dissipation  of  tho  film  and  tho  ruquirud 
mmf  for  tha  coru.  On  tho  other  hand  tho  Introduction  of  a  suitable! 
cufcrtmt  uMjrHf-ici  iirrbo  divivxtvr  circuit  Illustrated-  in  Fig,-  IS  per—" 
mits  tho  utlll2utlon  of  standard  cornnurclui  Hail  gonorators  for  build* 
Ing  an  analog  ratio  computor  based  upon  tho  Hall  effect. 

DISCUSSION 

Present  techniques  of  evaporation  do  not,  as  yet,  allow  a 
satisfactory  control  of  the  galvanomagnetlc  properties  of  film  type 
Hall  generators.  In  the  range  between  10'5  and  3  x  10"^  cm,  the 
virtual  electron  mobility  increases  monotonicaiiy  with  thickness  by 
nearly  one  order  of  magnitude.  Thick  films  have  definitely  larger 
size  crystallite  grains.  The  increase  in  p  is  thus  consistent  with 
the  data  of  Guenther  and  Frailer*-*  who  showed  that  large  crystallites 
cause  an  Increase  in  p  for  either  InSb  or  InAs  films.  Films  thicker 
than  5  x  10''  cm  also  exhibit  a  large  random  spread  in  p  and  o  for 
Hall  generators  prepared  under  nominally  identical  conditions.  From 
measurements  made  on  20  films,  10"*  cm  to  2  x  10”*  cm  thick  in  their 
extrinsic  temperature  region,  a  2:1  spread  in  p  and  o  was  found  to 
be  due  to  impurities  incorporated  during  the  deposition  process. 

Thin  films  (less  than  10"*  cm)  show  smaller  variations  (of  the  order 
of  507.)  in  these  parameters,  but  also  consistently  lower  mobilities. 
Thus  both  the  degree  of  crystallinity  and  the  impurity  content  needs 
to  be  considered  in  improving  the  sensitivity  of  film  Hall  generators. 

While  the  experimental  data  presented  here  is  concerned 
with  InSb  films,  this  compound  having  been  chosen  because"Of  its  high 
electron  mobility,  other  intermetallic  binary  semiconductors  such  as 
InAs  or  ternary  semiconductors  using  In,  P  and  either  Sb  or  As  might 
bemore  suitable  for  application  requiring  a  smaller  dependence  upon 
temperature  at  the  expense  of  a  lower  p.  Other  III-V  semiconductors 
with  *  wider  band  gap  than  InSb  also  have  a  higher  thermal  conduct¬ 
ivity  and  a  smaller  coefficient  of  thermal  expansion  consequently 
they  might  prove  to  be  more  suitable  for  Hall  effect  applications  * ^ 
where  mar  flaw  field  sensitivity  is  not  the  primary  consideration. 

The  substrates  used  for  these  films  axe  re loti v  ely  chick „ 
Class  has  a  disadvantage  in  being  a  poor  thermal  conductor,  it  is, 
however,  a  stable  and  chemically  Inert  material  at  the  required  sub¬ 
strate  temperatures  of  the  order  of  300°C.  Conceivably,  other  mater¬ 
ials  having  Ln  addition  a  thermal  expansion  coefficient  closer  to 
that  of  the  semiconductor  films,  might  be  superior  to  glass.  Pre¬ 
ferably  the  InSb  film  should  be  deposited  directly  upon  a  ferrite 
base  or  upon  an  inert  insulating  film  first  deposited  upon  the 
ferrlto  substrate  so  as  .to  Increase  the  effective  pt* rmeaM-tbs-y  by 
decreasing  the  gap  apacLng  of  the  magnetic  circuit. 
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EPITAXY  OP  PbS, 


PbTe,  AND  SnTe 


Jay  N.  Zemel 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 


In  the  language  of  present  day  technology, 
epitaxy  refers  to  the  oriented  overgrowth  of  a  particular 
substance  such  as  germanium  or  silicon  on  a  parent 
crystal.  One  particularly  well-known  example  is  the 
epitaxial  transistor.  Oriented  overgrowths  of  many 
materials  can  be  formed  on  a  variety  of  crystalline 
substrates  and  for  many  years  this  was  a  well-known 
scientific  curiosity.'1*  '  But,  as  so  often  happens, 
yesterday’s  curiosity  is  tomorrow’s  technology,  especially 
in  solid  state  phenomena.  .To  make  this  transition 
requires  a  good  deal  of  understanding  of  fundamental 
processes  and  today  we  are  on  the  road  to  this-  * 
understanding.  ......  ... 

Our  particular  interest  in  the  materials  PbS, 
PbTe  and  SnTe  dates  back  to  the  days  when  the -lead  salts 
were  practically  the  only  photoconductive  Infrared 
detectors*  While  the  photoconductive  properties  of  these 
materials  are  still  poorly  understood,  our  main  concern 
at  the  Naval  Ordnance  Laboratory  has  been  more  with  the 
hand  structure  and  fundamental  processes  than  with  direct 
applications  of  these  materials.  Particular  stress  placed 
co  producing  high  quality  bulk  single  crystals' had 
been  reasonably  successful  but  work  still  continued  on 
photoconductive  films  of  polycrystalline  PbS.  One 
particular  phase  of  this  work  dealt  with  the  mobility  of 
holes  in  these  p-typs  films It  was  noticed  that  the 
mobility  was  not  dependent  on  the  carrier  concentration 
for  a  set  of  films  having  the  same  thickness.-  It  was 
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docidod  to  JLnvoo bigate  thla  question  at  greater  length 
using  thin  single  crystals.  Since  it  io  completely 
impractical  to  remove  material  from  a  thick  cryatal  of 
thoao  ooft  and  friable  ijaterials  toeform  one  with  a  thlck- 
neoo  in  the  range  1000  A  to  30*000  A*  our  only  choice  was 
to  seek-  a  way  of  growing- these  f  lima.  it*,  was  well-known- 
that  PbS  would  grow  on  KaCl  but  what  we  did  not  know  wa3 
whether  the  resulting  films  would  resemble  the  bulk 
material  or  the  usual  evaporated  films. The  results 
of  our  Investigations  established  quite  dramatically  that 
the  film  properties  are  much  closer  to  the  bulk  than.they 
are  to  those  of  polycrystalline  evaporated  films .w>6) 

It  is  this  characteristic  which  raises  some  interesting, 
indeed  exciting,  prospects  for  the  study  of  compound 
semiconductor  materials. 

Let  us  first  establish  our  case  with  3ome  direct 
experimental  evidence.  To  begin  with,  we  produce  the 
films  by  directly  evaporating  from  a  quartz  oven  onto  a 
heated  alkali  halide  substrate.  The  vacuum  is  not  extra¬ 
ordinarily  good,  being  about  5x10“°  to  10"5  mm  of  Hg 
during  the  evaporation.  This  does  not  seem  to  have  too 
deleterious  an  effect  on  the  properties  of  the  films. 

The  substrate  is  maintained  at  a  uniform  temperature 
during  the  deposition  ranging  from  250°C  -  325°C.-“In 
-figure -l..is.  a.  back,  reflection  Laue  pattern  for  the  first 
of  the  materials  studied,  PbS.  As  can  be  seen,  this 
pattern  is  clean  and  clearly  indicative  of  the  single 
crystal  character  of  the  filnu.  Additional  x-ray  evidence 
of  this  is  obtained  from  Bragg,  diffractometer  recordings 
shown  in  figure  2.  An  iron  target  was  used  and  the  Ko 
iron  doublet  lines  are  clearly  resolved  by  the  PbS. 

While  this  information  is  important  and  significant,  the 
electrical  properties  are  generally  a  far  more  sensitive 
test  for  the  presence  of  imperfections  and  dislocations 
In  4  material  than  either  optical  or  x-ray  -measurements.. 

In  figure  1>  we  show  the  resistivity  uf  several 
films  as  functions  of  reciprocal  temperature.  The 
temperature  range  encompassed  by  these  measurements  is 
from  3QG*K  to  77*K;  that  is  from  room  temperature  down 
to  liquid  nitrogen  temperatures,  Tlw  resistivity  is 
characteristic  of  buik  PbS  in  that  it  'decreases  rapidly 
with  decreasing  temperature .  This  io  in  sharp  contrast 
to  fcto  behavior  of  photoconductivo  films  of  PbS  prepared 


Fig-  2  Tracing  ol  a  Bragg 

diffractometer  -recording  of  a 

pbS  epitaxial  film.  theuM 
K«  doubietiactearly  r*soiv*«F 
indicating  good  e «1U1 
aUgnnaent  and  good  crystal 

perfection* 
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Fig%  3  Resistivity  of  Pb5  versus  reciprocal  absolute 
tempo  raiuxe  £xoox  ruuui  iuJ;j»pe  ralUru  to  liquid  niti'u^eii 

temperature 
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by  chemical  deposition.  In  order  to  ooo  clearly  fcho 
differences  between  conventionally  produced  thin  films  and 
epitaxial  films,  we  will  doscrlbo  tho  Pb3  photodotoctor 's 
properti ea  and  contrast  thorn  with  tho  epitaxial  films. 

In  tho  chemically  deposited  films,  the  rosiotivity  rises 
very  sharply.  This  increase  is  due  to  a  decrease  in  the 
carrier  density  as  the  te'mperature  decreases,  Tho  origin 
of  this  effect  is  associated  with  the  structure  of  the 
film  and  tho  surface  states  present  in  the  film.  The 
carrier  density  in  the  epitaxial  films  on  the  other  hand, 
is  quite  characteristic  of  n-type  bulk  as  shown  by  the 
temperature  dependence  of  the  Hall  coefficient  shotm  in 
figure  4,  It  indicates  very  little  change  in  carrier 
concentration  with  temperature.  The  Hall  mobility  is 
also  markedly  different  in  the  two  materials,  that  is 
chemically  deposited  and  epitaxial  PbS.  This  is  shown  in 
figure  5«  The  thickness  of  the  films  are  essentially  the 
3ame  in  the  two  curves.  It  is  clear  that  the  3mall 
crystallites  composing  the  chemically  deposited  films  have 
radically  different  properties  than  the  thin  single 
crystal  films  and  these  properties  we  feel  depend  strongly 
on  surface  rather  than  bulk  phenomena. 

This  difference  serves  as  a  point  of  departure 
for  our  research  programon  the  mechanism  of -photo¬ 
conductivity  in  the  lead  salts,  PbS,  PbSe  and  PbTe.  The 
U.  S.  Navy,  and  the  Defense  Department  in  general,  has  a 
substantial  Interest  in  the  PbS-type  detector.--  Not  only 
does*  it  cover  an  important  part  of  the  infrared  spectrum, 
it  is  also  extremely  convenient  for  application  to  defense 
problems *  The  difficulties  with  its  manufacture  are 
intimately  tied  up  with  the  mechanism  of  photosensitivity 
and.  Just  as  the  sources  or  difficulty  are  rarely  under¬ 
stood,  so  too  are  the  reasons  why  they  disappear,  With 
the  epitaxial  film  we  start  afresh  with  the  relatively 
simple,  well-defined  properties  of  a  single  crystal* 
Eventually,  it  may  be  .possible  to  follow  in  ^detail  the 
onset  of  photoconductivity  in  those  films  as  they  are 
treated  with  various  bulk  dopants  and  surface  reactants. 

Before  that,  we  must  understand  the  properties 
of  bulk  PbS  and  epitaxial  PbS  quantitatively.  So  far 
we  have  been  primarily  concerned  with  the  electrical 
transport  properties  of  PbS.  Let  us  consider- the  optical 
proportles  of  these  films.  This  is  particularly  simple 
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Fig.  5  Mobility  of  FbS  versus  reciprocal  absolute 
tempo raturu  from  room  temperature  tu  liquid 
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and  convenient  to  do  since  the  films  tend  to  bo  extra¬ 
ordinarily  uniform  in  thickness,  variations  of  which 
rarely  exceed  a  few  percent  over  distances  of  5  mm.  Thus 
the  interference  fringes  are  sharp  and  woll  doflned.  It 
ia  possible  to  identify  the  first  order  interference 
fringe.,.  This  ..la  shown  daarly  in.  figure  &►.  .  The  films- are 
weighed  after  thoy  are  removed  from  the  substrate  by  the 
simple  device  of  dissolving  the  alkali  halide  away  in 
water.  Using  the  x-ray  value  for  the  density,  the 
thickness  is  readily  obtained  from  the  mass  of  the  film. 
Having  the  thickness,  the  order,  and  the  wavelengths  of 
the  maxima  and  minima  of  the  interference  patterns,  one 
can  readily  determine  the  index  of  refraction  from  the 
relationship 


mX  *  2pd 

where  m  is  the  order  number,  X  the  wavelength,  p.  the  index 
of  refraction  and  d  the  film  thickness.  The  index  has 
been  measured  by  Schoolar  and  Zemel'®)  by  this  method 
from  25  microns  through  the  absorption  edge  (  3  microns) 
to  1.5  microns.  The  results  are  shown  in  figure  7.  What 
is  particularly  interesting  is  that  the  dispersion  peak 
in  the  vicinity  of  the  band  edge  is  in  excellent  agreement 
with  the  theoretical  predictions  of  Stern/ *  >°a)  —Itls 
now  fairly  apparent  that  the  films  are  well  suited  for 
optical  investigations  and  bKeir  initial  impact  will  be 
in  this  important  scientific  area.  -  - 

Ifce  next  question  is  Whether  other  materials 
can  be  grown  in  the  same  fashion  as  PbS.  Keep  In  mind 
that  our  vacuum  conditions  are  far  from  the  best  and 
while  PbS  did  not  seem  to  be  especially  sensitive  to 
pressures  in  the  10“®  mm  of  Hg  range,  there  was  no  reason 
to  believe  that  we  would  be  as  fortunate  with  other 
materials,.  SJe  next  tried  two  materials  of  interest  to 
cur  research  effort  at  the  Haval  Ordnan-ce  Laboratory^ 

PbTe  and  SnTe ,  The  results  are  best  shown  in  figures 
8,  9,  and  10* 

In  figure  8  we  have  the  Lauc  pattern  for  PbTe. 

As  was  the  case  with  the  PbO,  the  spate  are  sharp  and 
well  defined  with  no  apparent  ''ringing''  due  to  mlo- 
orientation.  Tl^c  results  of  ftragg  4if  free  tome  ter^feud  lea 
aro  equally  encouraging.  Lot  un  consider  the  electrical 
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PbS , 300°  K 

Fig.  7  Index  of  refraction  of  PbS  as  a  function  of  wavelength 


Fig.  B  Back  reflection  Laue 
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Fig*  9  Electrical  properties  of 
epitaxial  films  of  PbTe  as  func- 
tlons  of  reciprocal  absolute  tern« 
peratore  from  room  temperature 
to  77*K  Ca)  Resistivity,  fb)  Hail 
xoefficieot,  ic}  Hall  mobility 
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Fig.  10  Angular  dependence  of  the  magnet  oresistence _ 

■of  PbTe.  #is  ihe  angle  between  the  current  a-nd  the 
field-  *  10*  at  TTK,  '*  ■  ~ 
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proportion  of  Fb'fo*^  ^  In  figure  <ja  wo  show  tho 
rcoiotivity  for  a  number  of  films  ranging  from  ^OU°K  to 
Y7*K.  Tho  comparison  with  tho  bulk  shown  hero  in 
extremely  favorable.  Now  it  io  Interacting  that  wo  have 
managed  to  grow  both  p-  and  n-typo  films  of  PbTe,  while 
we  could  only  grow  n-type  fllmo  of  PbS.  The  behavior  of 
tho  Hall  constant  is  shown  in  figure  yb.  A o  can  be  aeon, 
the  Hall  constants  are  fairly  large,  indicating  that  some 
of  the  films  had  carrier  concentrations  as  low  as 
2xlO+17  electrons/cc.  Generally,  it  is  uncommon  to  have 
PbTe  in  this  carrier  concentration  range  and  we  are  not 
sure  of  the  interpretation  of  the  temperature  dependence 
of  the  Hall  constant.  It  could  be  due  to  inhomogeneities 
in  the  film  or  a  second  low  mobility  conduction  band. 

In  either  case,  we  simply  are  not  sure  of  the  explanation. 
The  Hall  mobility  in  figure  9c  is  excellent  evidence  of 
the  high  quality  of  the  films.  As  can  be  seen,  the 
mobility  in  the  best  film  rises  to  almost  16,000  cm2/v  sec 
at  77*K.  This  high  mobility  strongly  suggests  that  the 
density  of  imperfections  is  fairly  low.  One  of  the  more 
sensitive  measures  of  homogeneity  is  the  magnetoresistance. 
In  figure  10  we  show  a  typical  plot  of  the  magneto¬ 
resistance  at  77°K  as  a  function  of  the  angle  between 
current  and  the  magnetic  field  in  a  plane  normal  to  the 
surface  and  parallel  to  the  current.  This  exhibits  the 
expected  sinusoidal  behavior  with  the  longitudinal 
magnetoresistance  being-  larger  than  the  transverse .  This 
is  in  keeping  with  the  observed  behavior  of  bulk  n-type 
PbTe.  With  the  high  mobilities  found  in  these  films,  we 
would  expect  that  the  magnetoresistance  would-start  to 
show  departures  from  linearity  with  H2  when  pH>l.  ■  In 
figure  11  we  can  clearly  see  this  break  at  pH  »  .4,  again 
in  agreement  with  the  bulk.  Thus,  the  electrical 
properties  provide  a  very  solid  basis  for  further  study 
of  the  PbTe  as  a  thin  film.  The  optical  properties  are 
also  of  interest  because  of  the  information  to  be  obtained 
on  the  band  structure.  Since  Interference  patterns  are 
esthetically  pleasing,  consider  figure  12.  Here'  we  see 
almost  classically  perfect  interference  fringe. "  Prom 
the  maxima  and  minima  of  both  the  transmission  and 
reflection,  we  can  obtain  the  index  of  refraction  as 
mentioned  earlier.  The  index  is  shown  in  figure  1 
Qf  particular  interest  is  the  two  peaks  in  the  Index. 

The  first  peak  may  be  associated  with  the  direct  valence-^ 
conduction  band  edge,  Tho  second  peak  io  aooociated 
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with  a  second  band  and  io  bollovod  to  bo  a  npin-orbit 
opltt-off  band,  flinco  wo  aro  dealing  with  single  cryotal 
films,  wo  do  not  havo  tho  aging  problems  other  investi¬ 
gations  have  had  using  polycryotallino  films.  Wo  havo 
found,  experimentally,  that  tho  index  of  a  givon  film 

does  not  change  with  time* 

*  1  •  “  •  —  * 

Now  SnTe  has  also  been  successfully  grown  as  a 
thin  film  and  the  agreement  with  the  bulk  is  equally 
impressive.  The  x-ray,  electrical  and  optical  data  all 
agree  very  well.'®'  The  big  difference  between  SnTe  and 
the  Pb  salts  is  that  SnTe  has  an  enormous  density  of  Sn 
vacancies  and  the  films  have  carrier  concentrations  in 
the  10^°/cm^  range.  This  high  a  carrier  concentration 
will,  of  course,  lead  to  an  enormous  free  carrier 
absorption  even  at  very  short  wavelengths.  There  is  a 
"window”  between  2  and  4  microns  as  shown  in  figure  14. 
Through  this  window  one  can  see  interference  fringes  but 
the  "visible"  region  of  the  "window"  is  much  too  narrow 
for  a  useful  measurement  of  the  index  by  interference 
methods.  Ihe  index  must  await  the  development  of  wedges 
so  that  the  index  can  be  measured  in  a  conventional 
fashion . 


As  can  be  seen,  the  data  all  points  in^the  same 
direction.  This  class  of  materials  is  extraordinarily 
well  suited  for  being  grown  as  single  crystal  films-.  The 
unfortunate  part  of  this  is  that  we  do  not  haveja^gpod 
model  which  accounts  for  the  growth  of  these  films.  We 
can  of  course,  speculate  privately  but  until  we  'have  more 
evidence  it  would  be  premature  to  do  so  publically.- 

Eet  us  speculate  a  bit  on  the  implications*  and 
possibilities  of  this  work ,  In  the  scientific  realm,  it 
points  the  way  of  preparing  interesting  and  important 
high  carrier  concentration  materials  in  a  convenient  form* 
Cyclotron  resonance  and  interband  magneto-optic  ^ph^poaena 
all  become  feasible  with  these  films  in  many  materials. 
Indeed,  Mitchell  et  alV  have  been  examining  the  'interband 
magneto-optics  of  PbS  and  PbTe  with  these  films.'®' 

These  measurements  are  expected  to  yield  useful 
information  on  the  band  structure  of  these  materials. 

But  in  addition  to  this,  there  is  a  quQS.ticn 
of  materials  preparation  that  this  opens  up.  First  of 
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Fig.  13  Index  of  refraction  of  PbTe  at  room  temperature  as  a 

function  of  wavelength 
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Fig.  U  T  ransmissivity  ot  a  linn  film  of  SnTe  of  unknown  thickness 

as  a  function  of  wavelength  „ 
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all,  thin  filma  ax^o  becoming  increasingly  attractivo 
technologically  bocauoo  of  roduction  In  handling  bhnb 
ari3oo  in  thoir  preparation.  Single  cryobal  filma  combine 
in  principle,  bhe  boab  aopoeba  of  modern  solid  obabo 
technology.  In  our  procedures  we  3barb  with  crushed 
poly cry at alii no  maberial  and  carry  out  a  fractional 
distlflatiorf,'  keeping- ifr  essence-  line  mxaaXe  fraction."  " 
The  material  depool bed  on  bhe  subobrate  forma  a  single 
cryabal  of  good  quality  and  in  a  range  of  thickness  where 
diffusion  will  rapidly  iron  out  ani  inhomogeneities  in 
depth*  While  we  have  only  touched  fleetingly  in  our  own 
work  on  the  diffusion  of  dopants  into  the  films,  it  is 
enough  so  that  we  feel  that  we  can  readily  study  this 
type  of  phenomena.  Furthermore,  it  should  be  equally 
possible  to  prepare  alloys  by  simultaneous  evaporations. 
Perhaps  the  most  interesting  possibility  in  this  respect 
is  to  prepare  films  where  the  alloy's  composition  varies 
linearly  from  one  end  of  the  film  to  the  other.  For 
survey  work,  such  an  arrangement  could  be  invaluable. 

What  can  we  conclude  from  this  work?  First  of 
all,  it  appears  that  good,  thin,  single  crystals  of  the 
lead  salts  can  be  prepared.  Second,  many  fundamental 
processes  can  be  advantageously  studied  U3ing  these  films. 
Third,  because  of  the  relative  simplicity  in  their 
preparation,  these  materials  should  be  investigatedTmore 
carefully  for  device  application.  Finally,  consider. the 
original  aims  and  the  interim  results  of  this  workv  We 
started  with  our  sights  leveled  on  photoconductivity  and 
we  find  ourselves  heavily  engaged  in  band  structure,  ~ 
diffusion  processes  and  microelectronics,  . 

Since  this  paper  is  a  review  of  the  Haval 
Ordnance  Laboratory  film  program,  below  are  the  names  of 
those  people  who  have  contributed  so  much  to  its  current 
progress;  James  0*  Varela,  surface  studies  on  chemically 
deposited  PbS  photocells;  HI  chard  S*  Schooler,  prepara- 
tions  and  optical  properties;  James  D,  Jen3en,  electrical 
measurements.  We  would  also  like  to  acknowledge  the 
assistance  of  the  other  member's  of  the  Solid  State 
Division  who  have  contributed  by  their  discussions  to 
our  work;  Jack  R.  Dixon,  Robert  ft.  Allgale r,  Richard  F. 
Greene j  Bland  B..  Houston,  Jr.,  and  IT.  Ray  Riedl* 
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IN -Pit*  mu.  ELECTRON  TRANSPORT  PROPERTY 
MEASUREMENTS  ON  ZONE-REFINED,  P-TYrE  SILICON 

G,  C.  Bailey  and  C.  M.  Williams 
U.  S.  Naval  Research  Laboratory 
Washington,  D.  C. 


I.  INTRODUCTION 

Experimental  analysis  of  radiation  damage  in  semicon¬ 
ductors  is  usually  accomplished  by  observing  the  post¬ 
irradiation  temperature  dependence  of  the  Hall  coefficient, 
the  electrical  resistivity,  and  optical  absorption (1-10) . 
Post-irradiation  electron  spin  resonance  measurements  are 
also  used  to  study  the  defect  centers  produced  by  parti¬ 
cle  (11)  or  gamma  ray  bombardment.  If  transient  effects 
exist,  they  would,  of  course,  be  absent  by  the  time  ihe 
experiments  are  performed.  The  present  series  of  experi¬ 
ments  represents  the  first  measurements  of  the  Hall.,, 
coefficient  of  silicon  to  be  made  in-pile,  i.e.,  during 
neutron  Irradiation.  Also,  in  contrast  to  most  ofrthe 
previous  investigations  which  were  carried  out  on  pulled 
silicon  having  about  10*®  oxygen  atoms/cm3,  the  present 
experiments  were  made  on  zone-refined  silicon  containing 
less  than  1016  oxygen  atoms/cm3. (12) 

II.  EXPERIMENTAL 

Samples  with  dimensions  of  1  cm  x  0.2  cm  x  0.2  cm  were 
cut  from  zone-refined  single  crystals  of  p-type.  boron - 
doped  silicon  having  initial  resistivities  of  1,  d-mnd  lOO 
ohm— cm.  An  electromagnet  was  designed  which  was  small 
enough  to  be  used  in  the  HRL  reactor  but  which  provided 
sufficient  magnetic  field  for  Hall  measurements.  The 
sample  and  magnet  were  then  lowered  into  a  long  tube 
placed  next  to  tho  core  of  the  NRL  swimming  pool  reactor, 
and  Stoll  and  conductivity  measurements  wore  made  remotely 
by  potentiome trie  methods  during  Irradiation. 
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flamnloa  0-1  D-8  and  G-100*  wore  all  irradiatod  at 

snjia  **> 

rs; 

procedure  are  described  in  an  earlier  paper (13). 

^sxs-rjrsr.  a  ss $ a 

SSlfSe(2?9iSevath^shhold)Cp2llets  irradiated  with  the 

SS&nrs&S. a SSSs- 

"«r«»  UT;? 

r  zrsrua  sTMisriv".*  «  n :  >•* 

rw'ffiiufifsft’aar&s: ... 

?“oO*  the  PoSer’w.3  1  Mw.  This  way  of  determlniog  the 
fin  ialues  for  H-  and  J-100  assumes  that  the  log  activity 
distance  plots  lor  the  reactor  operating  at  100  kw  an 
1  Mw  have  the  sane  slopes. 

HI,  RESULTS  AND  DISCUSSION 


A.  Approach  to  Intrinsic  Conductivity 


The  conductivity  of  all  the  samples  decreases  as  a 
function  of  integrated  fast  flu*  and tends  toward  som^ 

'i^Sjjd'li^rabl.TlS^S  wifi  the  calculated’ value  of  ait 

^Uiitt?ni?cTcoiduJtiv«?  It  the  temperature  of  measure- 
«ent.  Values  of  vere  obtained  from(14> 


U> 


whM6  ~'  ^  the  density  o‘F  holes  in  the  region 

and  pe*and  are  the  electron  and  hoi«  conduct iv  y 

»The  number"  ip*" the  sample  designation  refers  ^  e“ 

irraditttion  room  temperature  resistivity  in 

■  tThTSiumption  is  made  that  the  integrated  flux,  and  not 
the  flux,  is  the  important  parameter. 
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mobilities,  respectively,  If  ono  uhom  tho  empirical 
expressions  for  tho  conductivity  mobilities  and  for  P], 
as  obtained  by  Morin  and  Maliu(15),  ono  obtains 

a  -  (l.3  x  1033T3e  e[1450(^)2*8  +  300 (Sjfitf'f  (2) 

The  temperature  range  over  which  Eq. (2)  is  valid  is  that 
for  which  lattice  scattering  is  the  main  scattering 
mechanism.  According  to  Conwell(16),  the  impurity  contri¬ 
bution  to  the  mobilities  of  the  samples  used  (lO1**,  10la, 
10 impurity  atoms/cm3)  is  small.  The  influence  of 
radiation-induced  defects  on  the  scattering  may  be  estim¬ 
ated  as  follows.  If  one  takes (17)  10  displaced  atoms/cm3 
per  neutron/cm4*,  the  total  dens it v  of  displaced  atoms, 

Nrf,  at  the  end  of  irradiation  is  found  and  the  values  are 
given  in  Table  I.  The  largest  value  of  Nd  is  1.8  x  1016/ 
cm3,  which  is  about  the  same  as  the  initial  chemical 
impurity  concentration  for  B-l.  Since  an  initial  impurity 
concentration  of  10*®/cm3  does  not  have  much  effect  on  the 
mobility,  neither  should  the  radiation-induced  defects, 
and  the  use  of  Eq. (2)  seems  quite  reasonable.  This  is 
more  a  plausibility  argument  than  a  proof  since  one  should 
really  measure  pe  and  as  a  function  of  irradiation. 

It  is  clear  from  Table  I  that  Samples  D-8  and  G-100 
have  become  Intrinsic,  H-100  and  J-100  are  almost 
intrinsic,  and  Sample  B-l  is  not  intrinsic.  ""inf  "is  to  be 
noted  that  the  sample  becomes  intrinsic  only  when  the 
density  of  displaced  atoms  is  10  times  the  initial  hole 
density,  p~,  also  given'  in  Table  I,  The  significance,  if 
any,  of  this  factor  of  10  is  not  known  at  present.  ,'ie 
purer  the  sample,  the  smaller  is  the  initial^Ctfrrier 
density,  and  the  smaller  is  the  integrated  &st-flux 
necessary  to  make  the  sample  go  intrinsic.  (Compare  0-8 
with  G-tOO  both  irradiated  at  100*C.  >  Also-,  the  lower  the 
temperature,  the  smaller  is  the  integrated  flux  needed  to 
make  the  sample  become  intrinsic.  (Compare  G-1GO  with 
H-100  or  J-IOO. )  ^ 

*A  value  oi  warn  calculated  for  sillccsn  using  the 

metbpdof  reference (17 ) .  This  value  was  arbitrarily 
reduced  by  a  factor  of  4  on  the  basis  of  a^ittstement  also 
la  reference (17),  p*  36,  to  the  effect  that  the  ratio  of 
calculated  to  observed  numbers  of  defects  "seems  to  lie 
in  the  range  of  3  to  10  for  most  materials.” 
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TABLE  ! 


SampU'  Clmrnc  tor  In  tlcM  anti  Irradiation  Data 


B-l 

D-8 

|  G-100 

II-IOO 

J-100 

^0 

’  1 

8 

100 

100 

100 

Po 

1.9xlO10 

1.7X1015 

1.4X1014 

1.3X1014 

1.2X1014 

°L 

8.0xl0"4 

3.2X10"4 

2.8xl0~4 

l.OxlO"’4 

8.5xl0'5 

3.5xlO-4 

3. 5xl0“4 

3. 5xlO“4 

8.1xl0“5 

8.1X10-5 

VEv 

0.21 

0.27 

0.37 

0.34 

0.34 

Nd 

1.7xl018 

1.8xl0l 

5.2xl015 

2.9xl014 

1.6X1014 

\ 

— 

l.OxlO14 

2.6xl013 

4.5xl012 

6.4xl012 

a 

rao 

140 

60 

20 

115 

140 

Ph(E-0.16ev) 

0.17 

0.026 

0.0014 

0.0023 

0.0023 

Ph(E-0.30ev) 

0.94 

0.72 

0.10 

0.21 

0.21 

3.3xl010 

3.3xl010 

l.lxlO10 

l.lxlO9 

3. 6xl08 

t 

100 

79-100 

100 

72 

72 

p  “  nominal  room  temperature  resistivity  in  ohm-cir; 

■  initial  number  of  holes/cm3;  -  limiting  con¬ 
ductivity  near  end  of  irradiation  in  (ohm-cm)*'1;" - 

<*i  -  intrinsic  conductivity  in  (ohm-cm)"1  calculated 
from  Eq.  (2);  Kf-Ey  •  initial  Fermi  energy,  E* ,  minus 
the  energy  of  tne  top  of  the  valence  band,  Ey,  inev 
calculated  from  Eq.  (3)  ;  -  calculated  total  number 

of  displaced  atoms/cm?;  -  integrated  flux  at 

which  sample  conductivity  Is  2  in  nsutrons/cm3 ; 

*  “  removal  rate  In  cm*"*;  P^(E)  -  calculated  proba¬ 
bility  of  occupancy  of  levels  at  E-0.16  ev  and  G.2H1  ev 
by  holes;  v  -  flux  in  neutrons/cm*sec;  t  -  irradiation 
temperature  in  °C*  — 
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To  comparo  tho  data  of  this  papor  with  that  of  othor 
workors,  it  is  convoniont  to  uao  tho  valuo  of  tho  into- 
gratod  flux,  at  which  cr  equals  2  a*;  thoao  valuos  aro 
tabulated  in  Table  I.  Crawford  and  Cloland(18)  obsorvod 
tho  behavior  of  approach  to  intrinsic  naturo  of  pilo- 
irradxated  n-  and  p-type  pulled  silicon  having  initial 
resistivities  of  0,  ft  ebm-cm  atuL  SL  reapactixaly ^  . . 

Thoir  p-type  silicon  irradiated  at  60*C  was  within  a 
factor  of  2  of  being  Intrinsic  after  1  x  1017  n/cmz.  This 
is  a  factor  of  103  greater  integrated  flux  than  the  value 
for  the  8  ohm-cm  sample  irradiated  at  a  slightly  higher 
temperature  in  the  present  experiment.  Longo(19)  irra¬ 
diated  2  ohm-cm  n-type  and  12  ohm-cm  p-type,  pulled 
silicon  in  a  reactor  and  found  the  samples  to  have  resis¬ 
tivities  corresponding  to  intrinsic  material  following  the 
irradiation  at  a  temperature  of  e5*C.  His  quoted  inte¬ 
grated  flux  after  irradiation  was  7  x  10-~7n/cmz.  Thus, 
with  respect  to  the  approach  to  intrinsic  conductivity, 
zone-refined  and  pulled  silicon  crystals  of  equivalent 
resistivity  behave  in  the  same  manner  except  that  zone- 
refined  silicon  approaches  intrinsic  conductivity  with 
much  less  irradiation  than  pulled  silicon.  This  agrees 
with  a  footnote  statement  of  Watkins,  et  al.(20),  who 
made  measurements  of  electron- irradiated  silicon. 

B.  Detailed  Variation  of  Conductivity  with  Integrated 
Fast  Flux 

1.  Sample  B-l 

Figure  1  shows  that  the  initial  behavior  of 
B-l  is  different  from  that* of  D-8  and  the  100' ohm-cm 
samples.  For. Sample  B-l,,. there  are  initially  two  linear 
regions  of  la  or  vs  <pf .  (To  make  certain  that'  a  similar 
behavior  was  not  missed  In  the  two  100  ohm-c»  samples 
because  of  the  rapid  change  of  a  with  9f,  a  third  100  ohm- 
cm  sample,  J-I00,  was  irradiated  at  a  very  low  flux  of 
3.0  x  10®n/c»^soc.  .  -The  conductivity  data  shown  for  this 
sample  in  Fig.  1  was  taken  over  a  period  of  780  minutes 
and  a  monotonic  non-linear  decrease  of  In  a  with  9f  was 
observed.?  J. 

ifm. 

To  tv  lp  explain  the  behavior  of  the  conduc¬ 
tivity  as  a  function  of  integrated  fast  fluxTOr  Sample 
B-l  -(and  for  the  other  samples  as  well),  we  will  examine 
the  variation  of  the  Fermi  energy  with  integrated  flux. 
Analysis  of  the  Hall  data  reveals  for  Sample  B-l  that 
In  p  vs  Tf i  where  p  is  the  hole  -density,  also  has  two 
linear  regions.  Furthermore,  the  hole  density  is  related 
to  the  Form!  enorgy,  Ef,  by  uso  of (21)  ~  - 
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2vmhkT  *  . 

Ef  -  Ey  -  kT  In  [2(— §-~)2  p  (3) 

whoro  m|j  is  the  donsity-of-states  mass  for  the  holos  in 
the  valence  band  and.  E^  ia  the  energy  of  tho  top  of  the 
valence  band.  Therefore,  since  In  p  vs  9f  is  linear, 

Ef  vs  will  also  be  linear.  In  addition,  we  assume  that 
the  lower  half  of  the  foroldden  band  has  defect  levels 
similar  to  those  in  tho  noutron-irradiated,  pullod  silicon 
observed  by  Klein  and  Straub(6).  That  is,  there  are 
levels  at  0.16  ev  and  0.30  ev  above  the  valence  band.* 

The  density  of  holes  trapped  by  the  defects  at  a  given 
temperature  depends  on  the  probability  of  occupancy  of  the 
level  and  the  net  rate  at  which  the  defects  are  formed. 

The  probability  of  occupancy,  shown  in  Table  I,  is  calcu¬ 
lated  from  [l+exp(Ef-E)/kT]-l,  and  is  0.17  and  0.94  for 
0.16  ev  and  0.30  ev  levels,  respectively,  for  Sample  B-l. 
Thus,  if  both  levels  were  formed  at  the  same  rate,  the 
0.30  ev  level  would  be  populated  much  faster  with  holes 
than  the  0.16  ev  level,  because  its  energy  is  lower  (as 
far  as  holes  are  concerned)  and  consequently  its  proba¬ 
bility  of  occupancy  is  higher.  But  the  0.30  ev  level  is 
formed  at  a  lower  rate  (as  will  be  discussed  in  the  fol¬ 
lowing  section)  than  the  0.16  ev  level.  In  the  case  of 
the  1  ohm-cm  sample,  then,  the  Fermi  level  increases 
linearly  with  until  the  combination  of  the  two. factors 
above  favors  the  filling  of  the  0.30  ev  levels  instead  of 
the  0.16  ev  levels.  At  this  point,  E*.  begins  to  . change 
with  9f  at  a  different  rate  and  the  second  linear  region 
of  In  o  vs  ${  begins;  Throughout  the  entire  irradiation , 
of  course,  Ef  is  increasing  toward  the  center  of  the., .gap. 
Finally,  as  saturation  occurs,  there  is  established  an 
equilibrium  which  involves  the  density  of  holes  left  in 
the  valence  band  and  the  density  of  the  0,30  ev  levels 
being  formed,  bongo <19)  observed  more  than  one  slope  in 
In  e  vs  integrated  flux  for  0.05  ohm-cm  initial-resis¬ 
tivity  (presumably  pulled)  p-type  silicon  irradiated  with 
deuteroas.  The  end  of  the  first  linear  portion  ofln  o  vs 
integrated  deatero*  flux  in  Longo*a  experiment  occurred 
then  0  a  10*?  holes/cm^  had  been  removed  from  ihe=**a§eace 
This  would  occur  when  approximately  16“  levels/ cm'* 


♦The  following  discussion  in  the  text  does  not  depend  on 
there  being  a  hole  trap  at  0.06  ev®  above  the  valence 
band  since  the  probability  of  occupancy  of  this  level  Is 
0.01  for  B-l,  0.001  for  D-8,  and  is  much  lower  for  the 
100  ohm-cm  samples, 
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which  lnvolvo  oxygon  atoms*  woro  filled,  In  tho  prosont 
work  with  zono-rofinod  silicon  (oxygon  concentration  loss 
than  lO^/cm3),  tho  ond  of  tho  first  linoar  portion  occurs 
when  approximately  1  x  1016  holos/cm3  are  removod  from  tho 
valonco  band.  Thus,  tho  donsity  of  holos  removed  by  tho 
time  the  second  linear  portion  of  In  a  vs  begins  in 
both  pulled  and  zone-refined  silicon  seems  to  be*  very 
nearly  the  same  as  the  available  oxygen  density. f 

2 .  Sample  D-8 

For  Sample  D-8,  the  Fermi  level  is  initially 
at  0.27  ev  (as  claculated  from  Eq. (3)  and  shown  in 
Table  I)  above  the  valence  band,  and,  also  from  Table  I, 
one  sees  that  the  probability  of  occupancy  of  the  0.16  ev 
and  0.30  ev  levels  is  0.026  and  0.72,  respectively.  The 
probability  of  occupancy  of  the  0.30  ev  level  is  therefore 
30  times  higher  than  that  of  the  0.16  ev  level,  and  the 
difference  in  production  rate  of  the  0.16  ev  and  0.30  ev 
levels  is  not  sufficient  to  counteract  the  much  higher 
probability  of  occupancy  of  the  0.30  ev  levels.  Thus,  the 
single  slope  in  the  plot  of  In  p  vs  <£f  or  of  Ef  vs  tor 


♦The  lower  lying  0.16  ev  level  could  result  from  a  hole 
trap  due  to  various  impurities  (including  boron)  other 
than  oxygen.  However,  since  the  conductivity  of  zone- 
refined  silicon  changes  much  more  rapidly  with  irradia¬ 
tion  than  that  of  pulled  silicon  of  equivalent  resistiv¬ 
ity,  it'  seems'  reasonable  that  oxygen  is  the  responsible 
agent,  simply  because  this  is  the  primary .difference 
between  zone-refined  and  pulled  silicon.  In  addition, 
oxygen  was  chosen  as  the  atom  responsible  for— the  trap 
at  0.16  ev  because  of.  the  similarity  between  the  defect 
levels  in  the  upper  and  lower  halves  of  the  energy  gap8 
and  because  the  level  0.16  ev  below  the  conduction  band 
in  electron-irradiated  pulled  n-type  silicon  is  due  to  an 
oxygen  atom-vacancy  combination (11).  There  is  some  con¬ 
troversy  as  to  whether  neutron-irradiated  n-type  silicon 
has  any  discrete  trapping  levels.  According  to  Rupprecht 
aadKleln(9)  there  leu*  discrete  level  atO.IS  ev  below 
the  conduction  band  butWertbeim(5)  and  Sender  (22)  claim 
there  is  a  continuous  set  of  levels  in  the  upper  half  of 
the  band. 

fThe  density  of  boles  removed  during  tho  first  linear  por¬ 
tion  is  also  the  same  as  the  initial  boron  impurity  con¬ 
centration,  and  the  assumed  hole  trapping  level  at  0.16 
ev  above  the  valence  band  could  bo  duo  as  much  to  a 
boron-involved  level  as  to  an  oxygen- invoked- lovol,  See 
tho  footnote  ebovo(*)  as  to  why  oxygon  was  chosen  as  tho 
impurity  causing  tho  0,16  ev  lcvol. 
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D-8  Is  duo  to  a  filling  of  tho  0,30  ov  lovels.  As  satura¬ 
tion  takos  piaco,  tho  chango  of  In  p  with  is  governed 
by  tho  rato  at  which  equilibrium  is  established  botwoon 
tho  density  of  tho  0.30  ev  lovol  defocts  boing  producod 
and  the  density  of  holos  in  tho  valence  band. 

3.  Samples  G-,.  J.-100  ....... 

In  the  case  of  Samples  G-,  H-,  and  J-100,  the 
Fermi  level  is  initially  0.34  ev  or  more  above  the  valence 
band  and  the  probability  of  occupancy  of  the  0,16  ev 
defect  level  is  0.0014  for  G-100  and  0.0023  for  H-  and 
J-100,  One  can  note  that  the  probability  of  occupancy  of 
the  0.30  ev  level  is  initially  0.10  or  higher  and, 
although  low,  is  close  to  a  factor  of  100  times  that  of 
the  0.16  ev  level.  Thus  for  these  samples,  as  for  Sample 
D-8,  the  larger  occupation  probability  of  the  0.30  ev 
level  favors  its  being  filled  in  preference  to  the  0.16  ev 
level.  The  fact  that  one  does  not  initially  get  a  linear 
decrease  in  the  curve  of  Ef  vs  <l>f  or  in  In  p  vs  for 
these  samples  may  be  due  to  a  competition  for  the  holes  by 
traps  formed  at  0.30  ev  and  by  traps  at  higher  energies. 

If  this  interpretation  is  correct,  one  should 
find  no  occupied  0.16  ev  levels  in  the  1  obm-cm  sample 
after  the  end  of  the  first  linear  portion  of  Ef  vs  9f,  and 
no  occupied  0.16  ev  levels  at  any  irradiation  dosage  in 
the  8  and  100  ohm-cm  samples.  Two  recent  papers  by 
Vavilov  and  Plotnikov (23)  and  Plotnikov,'  et  al.  (24J  par¬ 
tially  confirm  this  "prediction",  They  made  photoconduc¬ 
tivity  measurements  at  100°K  and  concluded  that  there  are 
levels  in  100  ohm-cm,  zone-refined,  pile-irradiatethv  " 
(lO^n/cm2  with  average  energy  of  1  mev)  p-type  silicon 
at  0.30,-  0.38,  and  0.45  ev  above  the  valence  band,  and  no 
levels  at  0. 16  ev.  To  further  confirm  these  ideas;  a- 
simple  experiment  could  be  done  to  locate  the  hole 
trapping  levels  in  1  ohm-cm  zone-refined  silicon  after  a 
short  enough  neutron  irradiation  such  that  In  o  is  still 
In  the  first  linear  region. 

The  fact  that  the  hole  density  and  conductiv¬ 
ity.  decreases  immediately  with. irradiation,  in  the  case  of 
the  100  ohm-cm  samples  may  indicate  that  the  deeper  lying 
levels  do  not  result  from  clusters  of  Vacancies  orinter- 
stitials.  Or,  if  the  levels  are  caused  by  clusters,  the 
clusters  are  immediately  formed  when  Irradiation  Is  begun. 
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C.  Hull  Coefficient  Variation  with  Intogrutod  Fast 

Flux;  llolo  itomoval  Ratos  -  ~~ 

The  variation  of  the  Hall  coofficiont  with  inte¬ 
grated  fast  flux,  as  shown  in  Fig.  2,  can,  of  courso,  bo 
explained  on  the  basis  of  carrior  removal  and  by  resorting 
to  the  two  carrier  model  as  the  material  becomes  intrinsic. 

The  most  interesting  feature  of  the  Hall  coeffi¬ 
cient  data  is  that  R,  initially  positive,  reaches  a  maxi¬ 
mum  as  a  function  of  integrated  flux,  and  then  goes  nega¬ 
tive  for  Samples  G-,  H-,  and  J-100.  Similar  results  were 
observed  with  pulled  silicon  by  Longo(19)  after  much 
higher  Irradiation  (1017n/cm2).  With  deuteron  irradiation 
of  0.16  ohm-cm  p-type  (presumably  pulled)  silicon,  Longo 
also  observed  R  to  go  negative  after  7  x  1014  deuterons/ 
cm2  (9,6  mev)  at  room  temperature.  Klein  and  Straub(6), 
on  the  other  hand,  irradiated  60  ohm-cm  (presumably 
pulled)  p-type  silicon  in  the  Brookhaven  reactor  at  dry 
ice  temperature  and  observed  the  Hall  coefficient  and  con¬ 
ductivity  after  room  temperature  storage  extending  from 
several  days  to  a  year.  They  saw  no  change  in  the  sign  of 
R  with  an  integrated  flux  of  lO^n/cnfi .  In  the  present 
work  R  becomes  negative  after  1.7  x  1013  and  1.4  x  10l3n/ 
cm2  for  Samples  H-100  and  J-100,  respectively,  and  after 
7.2  x  10^3n/cm2  for  sample  G-100.  These  considerations 
seem  to  suggest  that  R  goes  through  a  maximum  and  becomes 
negative  more  rapidly  for  floating  zone-ref ined~silicon 
than  for  pulled  silicon  of  equivalent  resistivity. 

.  Samples,  H-100.  and  J-100,  irradiated  at  different 

flux  rates,  show  similar  dependence  of  R  on  integrated 
flux  as  seen  in  Fig.  2.  Sample  J-100  has  a  smaller  maxi¬ 
mum  than  H-100.  probably  because  of  a  small  initial 
increase  of  10*C  in  temperature  of  the  former.  After  a 
few  minutes  of  irradiation,  the  temperature  of  J-1G0  was 
back  to  72*C.  However,  the  positions  of  the  maxima  of  R 
occurred  at  the  same  value  of  9f  and  the  positions  of 
R  -  O  occurred  at  approximately  the  same  value  of  for 
both  samples*  Sample  G-100  was  irradiated  at -a  different 
flux  as  well  as  at  a  higher  temperature  {100*0  than 
either  H-100  dr  J— 100.  '  The  maximum  in  R  fotr'G-100 
occurred  at  an  integrated  flux  of  4  times  that  for  Samples 
H-100  and  J-100.  In  addition  to  this,  R  for  G-100  did  not 
become  as  negative  as  that  of  H-100  and  J-100  with  the 
integrated  flux  obtained  during  the  experiment.  The  small 
difference  in  irradiation  temperature  (on  an  absolute 
scale)  of  30*C  between  G-100  and  H-100  or  JrlQO  apparently 
made  a  large  change  in  annealing  rate  and  ho.oco  in  tho  not 
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ra to  of  formation  of  tho  dofoct  lovols,  This  ohango  was 
sufficiont  to  lncroaso  tho  required  flux  noconsary  to 
bring  the  Hall  coefficient  to  zoro  for  Sample  G-100. 

Sample  D-8  exhibits  a  much  broader  poak  in  R  vs 
and  romains  positivo  during  tho  ontiro  irradiation  timo 
used  for  this  sample..  la.  addition,. .  the.,  other-  low-resis¬ 
tivity  sample,  B-l,  never  exhibited  a  maximum  in  R, 
Longo(19)  observed  R  of  0.16  ohm-cm  material  to  go  nega¬ 
tive  after  a  long  deuteron  irradiation.  This  would  sug¬ 
gest  that  R  for  the  1  ohm-cm  and  8  ohm-cm  samples  eventu¬ 
ally  would  have  gone  negative  if  longer  irradiations  had 
been  used. 

To  examine  tho  carrier  removal  rates  we  consider 
the  Hall  coefficient  from  which  the  carrier  density  for 
p-type  silicon  is  calculated  using  R  *  r/pe,  where  r  is 
the  ratio  of  the  Hall  mobility,  to  gQ,  the  conductiv¬ 
ity  mobility.  This  expression  can  be  used  only  during  the 
initial  period  of  irradiation  and  is  not  valid  when  the 
sample  is  approaching  intrinsic  behavior.  According  to 
the  graph  of  Morin  and  Maita(15)  for  r  vs  T,  r  is  about 
0.71  and  0.68  for  T  -  72®C  and  1C0®C,  respectively. 

Because  of  the  spread  in  their  data,  a  value  of  0.70,  in¬ 
dependent  of  irradiation,  has  been  taken  to  compute  p, 
the  hole  density.  The  carrier  removal  rates  are  listed  in 
Table  I.  The  values  are  obtained  from  the  first  few 
points  of  a  linear  plot  of  p  vs  <f>f  which  is  consistent 
with  the  errors  involved.  These  values  are,  of  course, 
very  approximate  because  of  the  uncertainty  in.the  inte¬ 
grated  fast  neutron  flux.  The  relative  values,  however, 
are  significant.  The  initial  removal  rate  for  B-1, 

80  cm"*,  is  due  primarily  to  holes  being  trapped  by  the 
0.16  ev  level.  At  che  end  of  the  first  linear  portion  of 
In  o  vs  if,  the  removal  rate  for  Sample  B-l  has  dropped  to 
40  cm"*  because  the  holes  are  now  preferentially  trapped 
by  defects  with  energy  levels  at  0.30  ev.  In  the  case  of 
Sample  D-8,  the  initial  removal  rate  of  60  cm""*  is  lower 
than  the  initial  removal  rate  of  B-l.  The  fact  that  the 
holes  initially  are  being  trapped  primarily  by  defects 
with  energy  levels  at  0. 16  ey  for  Sample  B-l  art,  at  0.30 
ev  for. Sample  0-8  suggests  that  the  0.30  ev  levels  defects 
are  being  formed  at  a  lower  rate  than  the  0.16  ey  levels. 
The  difference  between  the  Initial  removal  rate  of  D-8 
and  the  removal  rate  of  B-l  at  the  beginning  of  the  second 
linear  region,  whon,  presumably,  for  both  samples  the 
0.30  ev  levels  are  being  populated,  may  bo  duo  to  tho 
lower  initial  temperature  -of  0-8.  further  -evidence  for 
the  lower  rate  of  formation  of  tho  0.30  ov  levels  lios 
in  the  small  initial  removal  rate,  20  cm"*-.  for’G-lOO, 

In  this  sample,  only  tho  dofoets  with  onorgios  at  0.30  ov 
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or  higher  can  trap  halos  as  discussed  in  tho  proviouH 
suction.  For  Sample  0-L00,  tho  initial  removal  rato  is 
Lower  than  for  D-8  and  for  tho  removal  rato  at  tho  begin¬ 
ning  of  tho  second  linear  portion  of  D-l.  This  may  bo 
duo  to  tho  lower  probability  of  occupancy  (0.1)  of  tho 
0,30  ov  lovol  for  G-100  aa  well  aa  to  a  competition  for 
ho  lea.  ffiOBL  the  valence  band,  between  the  Q.aO  ov  level, 
defects  and  higher  lovol  defects.  This  seems  to  indicato 
that  the  higher  level  defects  are  formod  at  an  oven  lower 
rate  than  the  0.30  ev  level. 


The  large  difference  in  removal  rates  between 
Sample  G-100  (20  cm-1)  irradiated  at  100°C  and  Samples 
H-100  (115  cm"1)  and  J-100  (140  cm-1)  irradiated  at  72°C 
indicates  either  a  large  amount  of  annealing  or  perhaps  a 
reduction  in  the  clustering  of  defects  which  may  lower 
their  effectiveness  in  trapping.  Additional  work  has  to 
be  done  to  clarify  this  point. 


D.  Hall  Mobility 


The  Hall  mobility,  jig,  ls  shown  in  Fig.  3  as  a 
function  of  integrated  fast  flux.  The  dashed  line  in 
Fig.  3  connects  the  100®C  pre-irradiation  value  of  gg  for 
Sample  D-8  with  the  value  observed  after  the  sample 
reached  100°C  during  the  irradiation. 


To  explain  the  dependence  of  pg  on  ,  we  consider 
the  two  carrier  expression  for  the  Hall  mobility: 


R<7 


2,  2 

-  •  P"nPe  /4h 

•*!>  r  P+n|»e/|lh 


As  irradiation  proceeds,  the  hole  traps  cause  a  decrease 
in  p.  As  p  decreases  and  approaches  npe2/Pij  ,  Mh 
decreases,  goes  through  zero,  and  becomes  negative.  If 
the  1  ohm -cm  sample  had  been  irradiated  long  enough  to 
approach  Intrinsic  conductivity  with  its  Hall  coefficient 
becoming  negative  (both  conditions  were  true  for  the 
8  ohm-cm  and  100  ohm-cm  samples) ,  then  jig  for  itwould 
have  decreased  -with  irradiation. 

SUMMARY 


The  variations  in  the  Hall  coefficient  and  tho  conduc¬ 
tivity  of  zono-rofinod  silicon  undergoing  neutron  irradia¬ 
tion  are  similar  to  thoso  of  pulled  silicon  except  that 
tho  changes  with  integrated  flux  occur  much  moro -.rapidly 
for  tho  zono-rofinod  material,  Tbo  log  of  tho 
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Fig.  3.  Hall  mobility,  nH,  as  a  function  of 

integrated  fast  flux,  <f>  for  different 
p-tvpe  silicon  samples  Irradiated  at 
100° C  (B-l,  D-8,  G-100)  and  at  72°  C 
(J-100).  To  obtain  the  abscissas  of 
points  in  n/cm2,  multiply  the  numbers  „ 
along  the  horizontal  axis  by  2  x  1014 
(B~l,  D-8) ,  5  x  10^3  (G-100) ,  and 
1013  (J-100).  Some  of  the  points  at 
very  low  integrated  flux  have  been 
omitted  for  the  sake  ot  clarity.. 
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conductivity  shows  a  munotonic,  non-linoar  decrease  with 
irradiation  lor  tho  100  ohm-cm  samples,  a  single  region  of 
linear  docroaso  for  tho  8  ohm-cm  samplo,  and  two  rogions 
of  linoar  docroaso  for  tho  1  ohm-cm  samplo.  For  tho 
latter  sample,  this  effoct  is  attributed  partly  to  tho 
filling  ef  tho  levels  which  may  involve  oxygon  atoms  in 
some  way.  The  initial  hole  romoval  rates  a*o  80.  60,  20 
cm-l  for  the  i,  8  and  100  ohm-cm  samples,  respectively,  at 
an  irradiation  temperature  of  100*C,  and  115  cm-*  for  one 
of  the  100  ohm-cm  samples  at  an  irradiation  temperature  of 
72*C.  The  Hall  coefficient  goes  through  a  maximum  and 
decreases  for  the  8  and  100  ohm-cm  samples  and  then  goes 
through  zero  and  becomes  negative  for  the  100  ohm-cm 
samples.  In  the  case  of  the  1  ohm-cm  sample,  the  Hall 
coefficient  increases  and  then  levels  off.  The  Hall  mo¬ 
bility  decrease  in  the  8  and  100  ohm-cm  samples  is 
ascribed  to  a  decrease  in  the  carrier  density.  The  Hall 
mobility  is  constant  with  irradiation  for  the  1  ohm-cm 
sample. 
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Typically  the  initial  stages  of  failure  of  a  composite  struc¬ 
tural  material  occur  by  cracking  at  boundaries  between  essentially 
different  constituents  of  the  composite.  Although  this  is  not  a 
scholarly  definition  of  a  composite,  it  serves  that  purpose  in  a  prac¬ 
tical  sense  for  a  discussion  where  mechanical  strength  is  of  primary 
interest.  Composite  materials  are  increasing  in  importance  particu¬ 
larly  where  a  high  ratio  of  strength  to  weight  is  needed.  In  some 
composites  cracking  at  weak  boundaries  is  a  sufficiently  general 
statement  of  the  failure  mechanism.  In  other  composites,  notably  in 
glass  reinforced  plastic  structures,  the  failure  processes  are  complex 
and  a  detailed  tinders tending  of  the  principle  failure  mechanisms  is 
needed  as  a  basis  for  reliability  control  procedures. 

Concrete  is  a  good  example  of  a  composite  for  which  the 
f ailui mechanism  is  simple.  The  applications  of  fracture  mechanics 
to  concrete  by  Kaplan  (1)  and  Glucklick  (2)  were  assisted  by  suggestions 
from  the  authors  of  this  paper.  Portions  of  the  concrete  which  are 
large  relative  to  the  nonuniformities  possess  a  limited  average  crack 
toughness  ,  of  about  the  same  magnitude  one  finds  for  window 
glass .  The  bonding  of  large  smooth  pebbles  to  the  cement  mortar  is 
relatively  weak  and  tensile  failure  occurs  when  one  largest  boundary 
crack  becomes  of  critical  size.  A  similar  process  occurs  in  compression 
failure  but  the  applicable  value,  primarily  c*  ,  is  much  larger 
because  of  interlocking  on  thj  plane  of  shear  failure?  The  tensile 
failure  mechanism  occurs  In  concrete  with  sufficient  regularity  so 
that  one  can  estimate  the  critical  &  value  in  a  test.  of.  an  unnotched 
bar  simply  from  the  failure  load  and  the  estimate  of  crack  size  pro¬ 
vided  by  the  change  in  compliance  of  the  specimen  at  the  point  of 
failure. 
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This  hue  boon  done  by  OLuoklLck  (2)  Ln  uLinpLu  beam  tonka.  An 
thu  load  wan  applied  to  tho  unnotehcd  bourn,  a  linear  stress -strain  or 
load-dot’IcetLon  curvo  waa  gonorutod  which  changed  slope  us  thu  unseen 
crack  or  network  of  crackn  developed.  'typical  teat  results  are  nhown 
in  Fig.  1.  tflaw  crack  growth  wau  occurring  at  driving  forcoa  loss 
than  \i  at  sudden  fracture  tha  "crack  depth  c"  could  be  estimated 
front  a  ^roviewa  calibratioir  of  compliance--  iiotdr  depths  made-  within 
the  linear  portions  of  load  deflection  curves.  Oluckliek  used  thu 


Griffith  formula 


"  co  °St 


(1) 


and  found  g  ■  0.1100  lb/in.  where  is  the  Irwin-Griffith  critical 
driving  force  and  a  is  the  stress  Sormal  to  the  crack  at  instability. 
E  is  the  Young's  modulus  for  the  composite  with  ostensibly  no  cracks 
present.  The  remarkable  thing  about  this  was  that  •')  determined  thus 
agreed  very  well  with  that  obtained  using  deep  notches  of  directly 
measured  depth. 


A  similar  dependence  of  strength  on  apparent  modulus  was 
found  by  J.  H.  Brown  (3)  in  the  case  of  sea  ice.  Brown  did  not  carry 
out  the  calibration  experiment  but  qualitatively  his  results  fit  the 
theory  that  strength  Is  related  to  stiffness  by  the  equation  (4): 
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where  P  is  the  load,  l/M  Is  the  compliance  and  dA  is  the  increment  of 
crack  area  associated  with  d  (l/M). 


A  glass  fiber  wound  chamber  subjected  to  internal  pressure  may- 
veil  represent  an  opposite  extreme  of  complexity.  Consider  first  me¬ 
chanical  failure  of  a  rocket  chamber  under  internal  pressure.  One  may- 
note  that  there  are  a  certain  number  of  large  adhesive  joints  between 
the  windings  and  the  metal  inserts  needed  for  attachment  of  igniter 
and  nozzles.  Trouble  with  these  large  adhesive  joints  can  be  mini¬ 
mized  by  introducing  allowable  amounts  of  flexibility  and  avoiding 
unnecessary  stiffness. 

Typical  failures  due  to  cracking  in  the  -epoxy  bond  between 
aft  cluster  plate  are  shown  for  Polaris  second  stage  chambers  *BFG  * 

Hos.  5  tttid  6  in  Fit's.  2  and  3*  Such  failures  were  marked  by  load 
bongs  when  the  bond  started  to  crack  well  before  final  rupture.  Tho 
use  of  an  elastomer !.r  bonding  lias  eliminated  this  kind  of  failure.  A 
more  gradual  load  transfer  is  thereby  achieved  at  the  boundary  of  the 
Joint.  A  considerable  advance  in  the  theory  and  practice  of  how  to  do 
this  is  given  In  Bo?.  Wore  research  is  needed  to  optimize  such 

joints.  Fracture  mechanics  of  bonded  JoLnts  Is  being  developed  ut_ 

KRL  and  on  contract  under  tho  direction  of  G.  R.  Trvln.  Tho  tSHSrgy 
for  dobondlng  has  been  shown  to  bo  a  function  of  Joint  thicknoos  and 


Pifc.  1  Static  stress  strain  curves  for  unnotched  beams  of  concrete. 
Note  that  the  slope  of  the  stress  strain  curve  at  the  fracture  point 
could  be  used  to  calculate  the  strength/ 
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Fig.  2  Aft  head  failure  in  epoxy  bond  between 
cluster  plate  and  g.r.p.  B.F.G.  No.  5  Polaris 
lnd  stage  A2 


Fig.  3  Aft  head  failure  in  epoxy  bond 
between  cluster  plate  and  g.r.p.  B.F.G. 
No.  6  Polaris  2nd  stage  A2 
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of  whothor  tho  fracturo  path  La  In  the  cement  or  at  the  Lntarfaco  bo- 
twocn  iiutal  and  ccmunt  (6).  Fracture  mechunicn  offers  a  new  and 
powerful  method  for  use  in  evaluating  and  guiding  tho  development  of 
bettor  bonded  Joints. 


Figure  4  liluj tratoo  Liitr/und  of  upewimtnr  i^xmiROTfded  for* 
research  on  bonded  Joints.  for  direct  opening  and  and 

for  shear  were  defined  in  Kef.  (7)*  In  accordance  with  Fig.  4,  the 
forces  P  are  exerted  through  strong  fingers  separated  by  a  stiff 
mechanical  arrangement  virtually  equivalent  to  a  wedge.  The  displace¬ 
ment  separation  Y  of  the  forces  P  relative  to  the  zero  load  position 
vas  measured  for  various  crack  lengths  a  as  a  function  of  the  applied 
load.  Thus,  the  compliance  C  (per  unit  specimen  thickness)  could  be 
calculated  in  accordance  with  the  equation 

Y  -  C  P/B  (3) 


VS~--£- 


where  B  is  specimen  thickness.  From  simple  beam  theory,  one  anti¬ 
cipates 


C  =*  A  (a  +  aQ)3  (4) 

where 

A  -  8/ebd3  (5) 

0  »  depth  of  beam 

aQ  *  radius  of  loading  hole 

E  »  Young* 3  modulus  of  adherent  material . 

The  compliance  values  found  were  in  essential  agreement  with 
Eq.  (4)  when  some  allowance  was  made  for  an  "elastic  founcation"  con¬ 
tribution  to  the  deflection  from  the  adhesive.  The  adhesive  used  was 
a  commercial  epoxy  often  employed  as  a  photo -elastic  coating.  Compari¬ 
sons  were  made  with  the  compliance  of  a  solid  aluminum  bar  with  various 
crock  sizes  represented  by  saw  cuts.  For  purposes  of  thi3  discussion, 
it  may  be  assumed  that  compliance  data  in  an  experiment  of  this  kind 
can  be  represented  well  enough  by 


C  »  A  <a  ♦  a£)3  -  *  ;;  (6) 

where  a"  is  moderately  greater  than  a  and  represents  the  effect 
upon  compliance  of  the  strains  in  the  low  modulus  component,  mater Lai 

B. 


The  crack  extension  force  is  given  by 

,  1  P  n  dC 
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On  tho  basis  that  tho  affective  crack  iongth  during  tout  of  an  adhe¬ 
sive  Joint  to  tho  value  of  a  consistent  with  Bq.  (7)  and  with  tho 
observed  values  of  P  and  Y,  ono  can  compute  for  any  pair  of  P,  Y 
observations  from  tha  equation  4 
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With  Y  fixed,  the  fractional  change  of  crack-extension  force  with  a 
is  given  by 


1  .  4 

■T  9a  "*  a  +  a** 
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(9) 


Adhesive  joints,  as  customarily  prepared,  are  nonuniform  with 
regard  to  such  factors  as  joint  thickness,  local  residual  stress,  voids, 
and  surface  condition.  In  addition,  a  high  polymer  adhesive  is  nor¬ 
mally  strain  rate  sensitive  in  such  a  way  that  it  tends  to  respond 
with  greater  stiffness  and  less  toughness  to  rapid  straining  such  as 
might  occur  from  a  rapid  increment  of  crack  extension.  In  attempting 
to  make  specimens  and  measurements  of  the  type  discussed  here,  one 
will  find  considerable  care  in  joint  preparation  is  necessary  in  order 
to  produce  a  specimen  which  can  be  partially  precracked  (say  by 
tapping  with  a  sharp  knife  blade)  without  complete  separation  of  the 
Joint.  Even  a  carefully  prepared  Joint  will  require  a  certain 
"stability  factor”.  The  preceding  term  will  be  used  for  the  left  side 
of  Eq.  (9) .  For  the  aluminum-epoxy -aluminum  Joints  studied  by  Ripling, 
Patrick,  and  co-workers,  unstable  rapid  fractures  occurred  when  a 
negative  magnitude  of  the  stability  factor  was  appreciably  lesa  than 
0.5  reciprocal  inches.  In  consistency  with  Eq.  (9), -stable  crack  ex¬ 
tension  was  observed  from  the  pre -crack  position  to  a  crack  length  of 
nearly  8  inches.  In  order  to  study  substantially  weaker,  less  uni¬ 
form  joints,  one  could  employ  beams  of  smaller  depth . - — 


Measurements  of  P  and  Y  were  also  made  with  the  forces  tilted 
to  a  45  degree  angle  relative  to  the  joint.  By  using  the  components 
oi‘  P  and  Y  normal  and  parallel  to  the  Joint,  it  was  possible  to  esti¬ 
mate  the  division  of  the  total  <“•  value  between  '-  and  With 

shearing  strains  present  parallel  to  the  joint,  not  only  was1  the  total 
*9  much  larger  but  also  the  value  of  was  several-Xold  greater  than 
had  been  measured  under  opening  mode  conditions . 

When  adhesive  Joints  are  used  in  structural  components,  it  is 
customary  to  avoid,  if  possible,  leads  other  than  compression  and 
shear  on  the  adhesive  Joints.  Since  this  is  often  possible  only  to 
an  imperfect,  degree,  the  critical  value  for  an  adhesive  Joint  is 
not  entirely  of  academic  interest,  however,  somewhat  greater  atten¬ 
tion  is  usually  given  to  tho  strength  point Lve  to  shear^soparation. 
Several  values  of  were  measured  with  forces  applied  as  indicated 
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In  Fig.  5.  For  this  experiment,  tho  compliance}  ia  u  linearly  in¬ 
creasing  function  of  crack  longth  and  ^  may  bo  computed  from 
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(10) 


Tho  resulting  -O’  values  were  an  order  of  magnitude  greater 
than  the  --  values .  Although  tho  Instability  restraint  factor  was 
only  half  as  large  as  for  the  Mode  I  tests,  a  long  stable  movement  of 
the  crack  was  observed. 


It  Is  noteworthy  that  a  crack  in  a  plate  of  glass  is  easily 
extended  in  a  controlled  stable  fashion  by  use  of  splitting  forces 
near  the  plane  of  the  crack.  Although  the  necessary  crack-extension 
force  dL  is  less  than  0.1  lbs/in.,  only  a  small  negative  magnitude 
of  the  stability  factor  permits  control  of  the  crack  speed.  It  would 
appear,  therefore,  that  strain  rate  sensitivity  coupled  with  non- 
uniformities  in  the  adhesive  joint,  rather  than  low  crack  toughness 
per  se,  is  the  basis  for  the  need  of  a  large  negative  stability  factor 
in  the  adhesive  joint  test  specimen. 


At  the  present  time  measurements  of  ,  and  the  asso¬ 

ciated  stability  factors  provide  at  least  a  comparative  measure  of  the 
danger  of  crack  propagation  in  service  component  adhesive  joints. 
Additional  studies  are  needed  to  classify  the  necessary  test  conditions 
and  to  give  closer  quantitative  meaning  to  the  results. 


When  mechanical  failure  does  not  begin  with  these  large" ad¬ 
hesive  Joints  there  remain  numerous  failure  mechanisms  of  other  kinds. 
One  class  of  these  consists  in  concentrations  of  glass  fiber  breaks 
which  develop  in -a -linear  pattern  along  -the  edge  of  a  stiffening  ele¬ 
ment,  a  reinforcement  doily,  a  wrinkle  in  the  insulator  lining,  or  a 
displaced  roving.  This  is  largely  a  matter  of  stress  concentration 
due  to  introduction  of  local  bending.  Although  flaws  of  this  type  can 
be  recognized,  it  is  not  clear  they  can  be  altogether  avoided.  The 
material  must  possess  some  tolerance  for  stress  irregularities. 

An  example  of  failures  due  to  stress  concentration  in  com¬ 
bined  tension  and  bending  is  shown  In  Fig*  6*  The  Aerojet-General 
Carp*  solution  to  this  problem  was  straightforward,  but  consisted  of 
.  ftm  simultaneously’  applied  remedies:  (l)  reversing,  the  order- of  -lay 
up  of  reinforcing  doilies  according  to  size;  (2)  moving  the  skirt 
fillet  away  from  the  M#i  bending  moment  region;  (3)  filling  the  aft 
skirt  fillet  with  an  elastomer;  (4)  smoothing  out  the  trajectories  of 
the  longitudinal  windings  by  applying  glass  resin  fillers  where  needed 
and;  (5)  using  a  higher  strength  glass  3-994.  Ibis  example  is  given 
to  Illustrate  the  necessity  of  ioroediate  empiricism  when  conditions 
are  too  complicated  for  detailed  analysis.  A  major  improvement  of  45 
percent  Ln  burst. strength  is  believed  to  have  been  accomplished  by 
these  remedies.  Although  the  remedies  wore  sotnowhat  empirical,  tho 
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Fig.  5  Separations  from  the  left  boundary 
in  adhesive  joints 


Fig.  6  Aft  closure  failure  in  Polaris 
A3  first  stage  due  to  stress  concentra¬ 
tion  at  the  edge  of  a  stack  of  doilies. 
Note  that  a  fairly  straight  tensile  break 
occurred  around  the  entire  periphery. 
The  diameter  of  the  chamber  is  54 ; 
Inches, 
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Improvement  of  design  depended  upon  thorough  examination  onu  analysis 
of  full  scale  failures. 

The  development  of  a  aoparation  through  a  multitude  of  para¬ 
llel  glass  fibers  bended  with  epoxy  rosin  la,  of  course,  relatively 
cosy  along  patha  parallel  to  the  fibers.  On  the  other  hand,  if  the 
region  is  sub Jwc'Ctrd-  only  tor  uniform  corral orr  parallel  co  the  fibers,  a 
tenaile  break  may  require  a  otroao  nearly  as  largo  oa  the  measured 
tansilc  strength  of  single  fibers  representative  of  the  glass  in  the 
region  considered.  This  quality  which  is  basic  to  the  high  strength 
of  GRP  composites  develops  in  the  following  way.  As  a  crack  in  the 
resin  approaches  a  glass  fiber,  debonding  occurs  near  the  crack  plane. 
This  relieves  the  stress  concentration,  encourages  a  fiber  fracture 
away  from  the  plane  of  the  resin  crack,  and  the  fracture  occurs  at  a 
tensile  load  reflecting  the  very  high  strength  of  a  short  fiber  seg¬ 
ment  with  its  correspondingly  low  flaw  probability.  At  the  same  time 
this  action  causes  development  of  numerous  interrupted  crack3  rather 
than  a  single  clear  break.  The  effect  of  filament  breaks  on  the 
strength  of  composites  has  been  discussed  by  Zender  and  Deaton  (8)  and 
by  Hedgepeth  (9)* 

A  similar  toughening  tendency  occurs  to  various  degrees 
through  the  tendency  of  adjacent  rovlng3  to  debond  from  each  other  as 
strains  become  very  large  and  to  debond  between  adjacent  layers  at 
boundaries  separating  fibers  wound  at  a  different  angle.  Although  de- 
bonding  may  appear  to  be  a  crude  scheme  for  Introducing  toughness, 
numerous  successful  rocket  chambers  testify  this  procedure  can  be  of 
practical  value-.  -  -  - — 

— On  the-  other  hand  the  "shredded"  appearance  of  typical' burst 
fflilures.„of..  fiber  .wound  rocket,  chambers  suggests  the  debonding- action 
is  somewhat  overdone  and  that  introduction  of  more  flexible  load  trans¬ 
fer  couplings  would  simultaneously  reduce  the  amount  of  debonding  and 
.strengthen  the  structure.  An  extreme  case  of  debonding  between  flayers 
in  an  aft  closure  is  shown  in  Fig.  7.  This  Is  known  as  a  "flower 
burst"  and  is  undesirable. 

Tne  role  Of  the  resin  or  other  matrix  material  In  an  optimum 
composite  Is  still  uncertain  and  sometimes  controversial.  We  need  the 
crack  arresting  feature  but  we  also  need  strength  in  the  matrix;  De¬ 
signers  of  CHP^preasurc  bottles,  have,  at  present,  no  valid  way  jgor 

strength  of  the  matrix  material.  WatSpha- 
size  the  importance  of  this  we  now  refer  to  Figs ,  8,  9,  ond-lGr-  The 
currently  used  epoxy  system  is  obviously  much  better  than  gum  rubber 
or  paraffin  in  which  debondlng  and  splitting  between  fibers  Is  rela¬ 
tively  easy  oven  in  a  oimplo  isotonsold  bottle.  Low  burst  strength 
was  obtained  using  rubber  and  paraffin  as  matrices  although  tensile 
fracture  In  the  glass  was  virtually  obsont. 

.  tCe.  jHMt  ■ 
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Fig.  7-  “Flower*- burst  in  aft  head.  This  consist  e,d.largely  of 
deiamination  between  layers  of  windings.  Much  of  the  thickness 
in  the  aft  closure  is  tut  filaments  in  the  form  of  doillasr.  These 
can  only  carry  membrane  load  provided  shear  stresses  can  be 
transmitted  across  tho  interface  between  layers.  Intoriaminary 
debonding  overloads  the  longitudinal  windings. 
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Fig.  8  Typical  burst  in  a  g.r.p.  Cutwater  test  bottle  Z-4  using 
Epoxy  828  resin  and  E  glass.  Burst  pressure  1157  psig.--Note  the 
mixture  of  tension  failures  and  resin  splitting  between  fibers.  The 
Cutwater  test  bottle  (Figs.  8—  10)ia  a  natural  isotensokLT.75-ir.ches 
is  diameter  at  the  equator  of  the  oblate  ellipsoid.  The-  windings 
spiral  around  the  pole  piecesat  20  degrees  from  the  pote^-For  the 
bottles  shown  the  load  F  per  “end*  of  glass  is  _ _ 

„  ed2p 

F  a  ——————  —  where 

8  n  N  cos  20° 

n  is  the  number  of  ends  (hero  12)  per  roving, 

N  =  the  number  of  helical  turns  at  20°  from  the  pofifp® 
d  ^  the  equatorial  tU:  meter  and  p  -•  the  gage  pressure. 
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Via  10  Burst  in  Cutwater  test  bottle  11-8  using  parafUn  as  the 

w“yby  »"p.-v-Uf;»  fUwr»  ami  -hoar 

Burst  pressure  495  pslg*  ^ 
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Craze  crucking  in  tho  present  epoxy  matrix  during  proof 
touting  la  now  vary  intense.  This  produces  u  porouu  structure  and 
although  It  haa  crack  arresting  tr«rlt,  tha  porosity  can  admit  molstur- 
Tho  cracking  ia  largely  tha  result  of  otrain  concentration  in  tho 
raoin  matrix  during  tcnnilo  strains  tranaveruc  to  tho  fibers  and  in 
shear.  Tha  maximum  strain,  cone antr afclon  Caataca  in,  a  pressura  bottle 
of  balanced  construction  e  very  nearly  the  ratios  oi’  Young's  moduli 
for  tension  or  compression  and  of  the  shear  moduli  for  shear  strains* 
This  situation  has  been  explained  in  detail  In  previous  reports,  (10, 
11,  end  12).-  It  is  clear  that  strains  as  high  as  forty  percent  would 
be  imposed  on  the  uncracked  resin  for  a  two  percent  overall  strain 
transverse  to  the  fibers.  Cracking  occurs  well  before  thi3  point  is 
reached.  Figure  11  illustrates  the  external  appearance  of  a  large 
rocket  case  after  proof  test  and  Table  I  gives  typical  values  of 
computed  strain  magnifications  in  resin. 


TABLE  I 

Effect  of  Glass  Content  on  Tensile  Strain 
Concentration  in  the  Resin,  Square  Array,  Assuming  E /Er  •  20 


A/r  Glass  Volume  Fraction  €xr^x 


1.0 

0.349 

2.73 

0.5 

O.503  . 

4.17 

0.2 

0.650 

7.3T  ' 

0.1 

..a.713  _ 

10.5 

0.05 

0.746 

13.6 

0.02 

"  0:770  ' 

16.&* — 

0.01 

O.778 

18.3 

0 

O.786 

20  — -  - 

Although  the  glass  fiber  itself  is  the  basic  source  of 
strength,  this  paper  is  primarily  concerned  with  failure  mechanics 
and  so  will  not  discuss  fiber  strength  in  any  detail.  The  increase 
of  strength  from  use  of  S-994-HTS  fibers  in  place  of  E-HTS  glass  is 
substantial  and  still  higher  glass  fiber  strengths  appear  attainable 
in  ^  ,  fut^.  „Neyerthele8S,  for  perspective ,  one  can  bear  in  mind 
that  "chambers ~  constructed  in  iAist  was  thought  to  be  proper 'fashion 
with  3-994  glass  have  occasionally  failed  in  hydro  tea  t*- In  addition, 
it  has  been  shown  that  a  substantial  increase  in  the  parallelism  of 
tho  fibers  in  a  glass  roving  provides  a  strength  increase  as  largo  as 
tho  fiber  strength  margin  of  3-994  over  E  glass.  Lack  of  parallelism 
means  the  failure  of  crooked  or  slack  fibers  to  carry  their  ahore  of 
the  load.  An  example  of  this  defect  ia  shown  in  Fig.  12.  The  extent 
to  which  the  resin  holds  tho  fibers  fixed  in  position  ^ukctly  deter¬ 
mines  tho  tolerance  of  tho  structure  for  this  defect.  Evidently 
off talent  utilization  of  higher  strength  fibers  requires  earuful 
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Fig.  11  Craze  cracking  in  the  reain 
after  proof  test  of  to  1.5  percent 
average  strain  transverse  to  the 
windings  shown,  first  stage  Polaris 


Fig.  IE  Lack  of  parallelism  in  the  windings  of  a  pressure  bottle.  This 
sectional  view  shows  crookedness  in  hoop  windings  produced  by  poor 
tensioning  control.  This  bottle  had  only  one-half  the  strength  OfSTftoarly 
perfectly  wound  bottle  of  the  same  design.  Stronger  and  stiffer  resins 
tond  to  compensate  for  such  a  defect. 
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control  of  tha  factoru  which  degrade  the  buulc  strength  possibilities 
and  load  to  occaalonal  hydratust  failures. 


Mochanlcal  damage  which  results  In  the  cutting  or  easy  break¬ 
age  of  a  considerable  number  of  fibora  on  the  aurfaco  con  result  In 
early  failure*  Due  to  the  crack  arresting  properties  related  to  dc- 
eocdtt vgf  *  crack  doer  not'  necessarily  propagate  <namllnt.ely  actaaa-  . 
adjacent  fibers;  however,  a  progressive  failure  con  result  in  which 
shear  cracking  in  the  resin  is  an  Important  step.  Figure  13  is  an 
example  of  such  "unwinding"  failure  In  a  notched  bottle.  When  no 
intentional  notch  is  present,  very  :mall  strands  break,  usually  at 
more  than  one  position.  From  these  small  tensile  breaks,  unwinding 
failure  develops  as  shown  in  Fig.  14.  This  is  one  of  a  series  of  six 
photographs  obtained  shoving  a  gradual  spread  of  the  damage  during  a 
three  minute  hold  at  constant  pressure  at  a  little  below  failure 
pressure.  The  photograph  supplied  by  H.  L.  Smith  of  URL  also  shows 
intense  cracking  in  the  resin  parallel  with  the  windings.  Much  noise 
accompanies  such  progressive  failure.  An  attempt  is  being  made  at 
Aerojet  to  predict  the  failure  pressure  from  the  sounds  and  shocks 
emitted  during  hydrotest  but  thus  for  without  success. 


Unwinding  failures  have  been  typical  of  about  one-third  of 
all  hydroteat  buret  tests  in  the  Polaris  program.  In  the  future  this 
is  expected  to  be  higher  because  of  recent  improvements  in  the  end 
closures.  The  bad  effects  of  mechanical  damage  can  be  somewhat  con¬ 
trolled  by  proper  choice  of  winding  lay-up.  When  layers  of  circum¬ 
ferential  and  longitudinal  windings  ore  Interleaved  as  in  Figs .  13 
and  14,  the  first  stages  of  failure  tend  to  be  Inhibited*^  One  spec¬ 
tacular  unwinding  failure  followed  the  tensile  failure  of  a  group  of 
rovings  in  which  knots  hod  been  tied.  The  appearance- after  failure 
is  shown  In  Fig.  15*  In  this  chamber,  the  circumferential  windings 
were  on  top  of  the  longitudinals. 


Effects  of  time  under  load  and  of  environment  ( usually 
moisture)  ore  of  practical  Importance .  Trials  have  been' lode  and 
considerable  discussion  has  occurred.  At  this  time  it  is  dear  that 
time  under  load  does  cause  some  loss  in  strength.  However,  the 
mechanism  of  this  strength  loss  is  unoertain  and  there  ore  apparent 
conflicts  in  current  test  data  which  require  critical  review.  Although 
the  topic  must  be  -regarded  as  of  considerable  importance.,,  we  will  not 
attempt  totalled  discussion  in  this  paper.  A  paper  by  Petker  {15)  is 
a  good  'source  of  ihfoi^tiod~Oai:'the  effects  afTaoisturev  - 


With  regard  to  GRP  pressure  vessels  in  tension  the  major 
weakness  factors  ore: 


1.  Uhneceooary  stiffnoss  at  the  largo  adhesive  Joints. 

2.  An  alignment  of  local  s trass  elevation  due  to  an  abrupt 
change  of  etlffneso,  a  poorly  tontiioned  roving,  etc. 

3»  Ntsnerouo  fiber  breaks  do  to  abrasion,  cough:  handling, 
etc.  These  may  cause  insufficient  basic  fiber  strength  even  In  terms 
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Fig.  13  “Unwinding"  failure  started  intentionally  from  a  mechanical 
"cut  in  outer  hoop -windings  of  pressure  bottles.  These  are— 6-inch 
diameter 'internally  pressurized  bottles.  The  one  on  the  left-had  a 
“ '  cST'0.0045"  irich' deep  a«d“tK«  one  on  the  right  "had  a  cut  inch 

deep*  All  of  the  hoop  windings  were  outside.  The  effects  of^cuts  have 
been  reported  elsewhere  (Ref.  13). 
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Fig.  14  Unwinding  failure  developing 
under  constant  pressure  with  no  cut 


Fig.  11  Hydrotest  failure  started  by 
knots  In  rovings- in  a  large  g.r.p.  aai: 
rocket  chamber 
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of  average  strength  of  short  lengths. 

4.  Lack  of  parallelism  of  individual  fibers, 

5.  Poor  toughness  in  ohoar  fracturo  in  the  reain  and  between 
roaln  and  glues. 

6t  Degradation  due  to  time  under  load  and  environmental 

effects). 

-  -  The.  tfajar  ufcrengttr  f&ctara  dreT 

1.  Adequate  protection  of  individual  fibers  from  damage  be¬ 
tween  drawing  and  chamber  winding. 

2.  Careful  use  of  flexible  elements  (elastomers,  say)  in 
reducing  excessive  stiffness  and  in  reducing  the  stress  concentration 
where  a  change  of  stiffness  is  unavoidable. 

3.  Parallelism  of  individual  fibers  and  strands. 

4.  A  substantial  degree  of  flexibility  and  toughness  in  the 
epoxy  resin. 

5»  A  basic  high  potential  fiber  strength  in  the  glass. 

Information  on  glass  fiber  wound  chambers  loaded  by  external 
compression  is  entirely  of  the  nonproduction,  laboratory  model  type. 
When  a  cylinder  constructed  with  multiple  layers  of  glass  cloth  (or 
glass  reinforced  tape)  is  subjected  to  external  pressure  the  failure 
mechanism  initiates  where  the  compressive  stress  is  greatest.  Thi3 
means  failure  3tarta  in  the  innermost  layer.  Two  of  the  observed 
failure  mechanism  proceed  as  follows: 

A.  The  first  major  nonlinear  reaction  appears  to  be  pa:"<j.lel 
kinking  of  the  glass  fibers  along  a  line  and  in  a  direction  which 

_ jallow8  greatest,  local  relief  from  compressive  stress  in  the 'layer. 

This  is  accompanied  by  debonding  from  the  adjacent  layer.  With  growth 
r.  of- the  debonded  area  the  adjacent  layer  is  overstressed  in  compression 
and  the  Innermost  layer  becomes. flexible  enough  to  buckle  inward*  The 
*•  cycle  of  kinking,  debonding,  and  inward  buckling  progresses  in  unstable 
.„__fashion  once  it  is  well  begun.  Figure  16  3hows  the  typical  "appearance 
of  a  resin  poor  filament  wound  cylinder  after  failure  under  external 
'‘"'■  "pressure.  The  failure  was  apparently  progressive. 

B.  When  the  glass  reinforcement  i3  in  the  form  of  square 
weave  glass  cloth,  a  shear  crack  mode  of  failure  has  been  sometimes 
observed.  Figure  17  shows  compression  failure  with  a  minimum  of  de- 

.lamination  in  a  cloth  reinforced  cylinder  relatively  rich  inures in. 

It  ia  believed  a  tendency  toward  kinking  is  again  the  leading, failure 
,ri;r^el<»«MStv*'''-P6sa(ibiy  due  to  the  tending  influence  of  the  square  weave 
pattern*  fiber  breaks  and  reain  cracks  are  well  enough  aligned  defthat 
crack  development  with  additional  strain  is  relatively  easy.  Compres¬ 
sion  is  relieved  by  a  more  localized  degree  of  debonding  than  for  (a) 
and  by  an  inward  offaot  of  the  layer  on  ono  aide  of  the  line  of  fiber 
breakage.  After  the  affected  region  of  tho  innormoot  layer  ceases  to 
carry*  compressive  load  the  adjacent  layer  ia  overs traonod.  The  imposed 
local  shear  strain  duo  to  the  offaot  causes  fiber  breakages  «sut  Off¬ 
set  in  this  second  layer.  Thus  tho  uhuar  cruck  develops  layer  by  layer 
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Fig.  16  Typical  inward  buckling  and  debonding 
between  layers  of  an  externally  pressurized  fila¬ 
ment  wound  cylinder.  The  failure  is  believed  to 
have  been  progressive  with  much  delamination 


Fig.  17  Failure  under  external  pres¬ 
sure  of  a  cloth  reinforced  plastic 
cylinder.  Note  the  local  shear  buck¬ 
ling  of  the  cloth  layers  with  a  minimum 
of  dolamination 
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until  u  stress  relieving  offset  to  formed  completely  through  tho  wall 
of  the  cylinder. 

Although  no  detailed  summary  can  be  mode  at  present  of  the 
strength  and  weakncaa  factoro  of  CUP  chambers  subjected  to  external 
pressure,  it  io  clear  that  intorlayor  dobondlng  weakened  the  structure 
ieuxihg'  Ojr  irecmthiaw  A.  fit  the  caoe^of  mecnoiTlrnr  B>  grrc-mittal 
kinking  of  the  glass  threads  due  to  the  square  cloth  construction  was 
obviously  detrimental.  Somewhat  more  generally,  one  can  recognize 
that  these  failures  must  start  before  they  can  occur  and  that  methods 
of  introducing  a  high  degree  of  perfection  in  geometry  and  constitution 
of  the  innermost  layers  will  substantially  increase  the  compressive 
strength. 


The  feasibility  of  GRP  structures  for  high  external  pressure 
service  may  well  depend  upon  development  of  inner  surface  control 
schemes  which  accomplish  the  objective  of  delaying  failure  node 
development  and  at  the  same  time  lend  themselves  to  large  scale 
fabrications . 
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P KOPAGRTIOff  OF  HYDROMACNETIC  WAVES' IN  AN  ATMOSPHERE 
OF  ARBITRARY  ELECTRIC  CONDUCTIVITY 
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Pacific  Misaile  Range 
Point  Mugu,  California 

(From  work  in  cooperation  with  F.  Reiche) 


In  the  following,  the  interaction  of  time -dependent  elec¬ 
tromagnetic  fields  ("electromagnetic  waves")  with  an  atmosphere  of 
arbitrary  electric  conductivity  a  is  Investigated  over  the  whole 
range  of  0(0  ■  0  •••  ®);  the  range  of  small  O  seems  most  Important 
for  terrestrial  applications. 

Owing  to  the  existence  of  the  Lorentz  force  (1  /o)(-j*H) , 
acting  on  each  fluid  element,  the  electromagnetic  waves  will  generate 
fluid  vibrations,  which  in  this  way  can  be  transmitted  over  very 
large  distances  and  produce  far-reaching  effects  on  the  stability  of 
flow  patterns.  Furthermore,  it  is  also  evident  that,  for  small 
conductivities,  when  the  gas  behaves  in  some  respects  like  «-dielec- 
tric,  the  displacement  current  can  no  longer  be  neglected,  as  is 
usual.  Therefore,  the  complete  Maxwell  equations  have  to  be-  used, 
which  are  known  to  be  Lorentz  invariant.  _ _ 

II.  EQUATIONS  OF  MOTION 


Let  us  consider  the  cases  in  which  an  external  magnetic 
field  Hq  (e.g^  the  earth's  magnetic  field)  and  the  direction  of 
propagation  of  the  waves  are  either  parallel  or  perpendicular  to 
each  other.  There  shall  be  no  external  electric  field  E0 .  Let -us 
further  assume  that  the  perturbations  of  the  flow  field  (due  to  the 
electromagnetic  waves),  and  of  the  electromagnetic  field  (due  to  the 
fluid  motion)  are  relatively  small. 


Hence, 

Case  I: 
a  ■  (u,  u,  0) 

H  -  Wo  +  \  ,  h, ,  0) 

E  *  (®*  ,  6f  ,  6t) 


Case  II: 

SL  m  (u.  U»  0) 

H  •  ,  H0  +  hy ,  0) 

E  «  (dfc  ,  ,  Ci  ) 
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'*Pa  .  .  <3U  . 

*“*■  T  Po  a  0 

'it 

(3) 

Pod  +  aa  o 

('0 

P»()  +  to/p*>  j-f  ;  ^(e.  "  7.  «o) 

(5) 

^  •  «’  If  ■  o. 

(6) 

Hera  a  La  the  sound  speed.  In  Eq.  (6),  the  term  representing  the 
electromagnetic  dissipation  has  been  dropped,  because  it  is  of  second 
order. 


III.  SOLUTIONS  IN  CASE  I 
Now,  assume  waveform  solutions 
Po  »  Poo  +  Pi  exp  (-  l<ut  +  tkx), 

to  “  too  +  ti  exp  (-  iuit  +  tkx ),  (7) 

ut  v,  e, ,  hy  a  Ui  exp  (-  twt  +  itoc),  etc. 

Since  k  a  kg  +  ,  we  have,  in  general,  specially  damped  waves. 

Upon  substitution  of  Eq.  (7)  into  Eqs.  (2)-(6),  we  get  five  homog¬ 
eneous,  linear  equations  for  the  five  unknowns  px  ,  ux  ,  vl ,  ix ,  etX, 

-  -whose- coefficient-determinant  must -vanish:  A _ 

Pi  ui 

-Poo 

aak  -wpoo 

a*  o 

o  o 

0  0 

Poo  “  Poo  0  +  too/c*  )• 

The  determinant  splits  into  two  factors;  the  first  factor 

yields 

*1'  ‘  V&K  ‘  t  +  ulT#~  * 3S  *  <;t‘ )l  '  <8> 


^X 

0 


■Poo 


yl 

"0 

6 

o 


0  oH09  t<*  -  iu£00 


e*x 

0  ••  * 

0 

0 

*+3T+t^P 

oH0/a 
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The  second  factor  yields 


where 


+ 


JL. 

1  +  £3 


/8a  -  <^/(Ata)# » 


8  -  UQoqC? /oH0a 


end  p  -  4npooC*/tfoa 


(9) 


are  dimensionless.  If  we  vary  3  (that  la,  for  example,  a),  while  p 
remalna  fixed,  the  phaae  velocity  V  and  the  apaclal  damping  \  are 
represented  by  the  grapha  In  Fig.  1 . 


Fig.  1 .  Phaae  velocity  V  and  damping  ^  in  case  of  parallel  field. 

. In' the  limit  a  *  ®,  we  obtain  the  genera lized~ATfven 

speed1  l£a  ■  Hq2 /(4ttpoo  +  fl’oaAj8)  *nd  the  round  speed  oV{J+£oo  /c3)  » 
for  o  m  0,  we  obtain  the  speed  of  light  and  speed  of  sound.  The 
damping  \  for  wave  2  la  zero  at  a  ■  0  and  a  ■  ®,  although- for 
different  reasons.  The  sound  wave  1  is  always  undamped. 

The  electromagnetic  and  the  fluid  vib rat ion s~ have-  the  same 
ui  and  k\  but  •  /,  which  varies  with  a.  The  polarization  of  wave 

2  la  transverse,  that  of  wave  1  is  longitudinal,  that  of  the  elec- 
tromagnetic  waves  la  still  transverse. 

The  above  expressions  for  the  Alf>/en  speed  and  the  sound 
speed  differ  somewhat  from  the  customary  ones;  especially  for  very 
low  densities,  aa  in  the  outer  atmosphere,  the  value  f;qr.Ji , would 
become  unbounded,  if  the  presence  of  the  second  term  iir%he  denomina¬ 
tor  would  not  keep  it  below  c.  This  second  term  K09  /cP-* can  be 
readily  seen  to  be  due  exclusively  to  the  displacement  current, 
whose  addition  makes  the  Maxwell  equations  relativist icslly  invartsrt. 


1  See  P.  Reichel,  "Basic  notions  of  relativistic  hydromagnetica" 
(unpublished).  — 
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[Dropping  (1  /(,')  (de,  /(H)  In  (2)  loads  to  omission  of  thn  term  aP  /<?  In 
tho  lsst  column  of  tho  dotarmlnar.t,  snd  to  thu  clixslcil  value  of  tha 
A If von  speed.] 

From  the  last  row  of  tho  determinant  above,  we  may  obtain 
an  estimate  of  the  amplitude  of  tho  fluid  vibrations.  In  the  limit 
Poo  ~  0,  ve  obtain 

vx/a  ~  et  i  /Ho  .  (A) 

This  means,  for  example,  that  for  the  earth  magnetic  field  and  strong 
electromagnetic  beams,  the  vibrational  amplitudes  can  be  very  appre* 
ciab le. 

IV.  SOLUTIONS  FOR  CASE  II 

Analogous  considerations  for  case  II  yield  the  following 
system  of  linearized  differential  equations: 

m  1  /"I  j  ' 

dx  c  dt 


!?• + 4m  (•*  +“*)'  °f*t 

If  +  to  ax*  0 

tt^tf  ‘  •2f  +'o  *) 


. -  du  ‘  1  ,  /  ~ 

Poo  bt  ■  c  Jtht  ~  0 


Poo  Va«»  O’  +c  *o)~  0. 


After  introducing  wave  form  solutions,  we  obtain  from  (11)  and  (14) 
the  following  linear  amplitude  equations: 


the, i  +  ^  hfi  “  0 

[4no  -  -  tohhyi  + 


Issfio. 


Ui  ■  o 


poothu\  -  iwpj  ■  0 


"  floo^jwi  +  oHftpi  *  0, 
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From  (11a)  to  (14a)  foltova  tho  determinant#!  equation: 


The  aolution  of  thla  biquadratic  equation  leads  to  two  values  of  the 
phase  velocity,  V3  and  {/4,  and  to  the  dampings  and  Y14,  which 
are  graphed  in  Figure  2. 


00  <b) 


Fig.  2.  Phase  velocity  /  and  damping  Yt  in  case  of  perpendicular 
field. 


-  From  the  determinant  of  Eqs.  (11  a) -(14a),  it  is  seen  that  the  polar¬ 
izations  of  both  fluid  vibrations  are  longitudinal,  while  again  the 
electromagnetic  vibrations  stay  transverse.  In  the  limit'CTa  «,  the 
phase  velocities  are  equal  to  the  "fast  wave"  speed1  ....  ... 

&33  ■  Qto*  +  4TTpooaa)/(#ba  /c3  +  4ttpo0) 

and  to  /4#  ■  0.  The  corresponding  dampings  are  (Yt)3  ~  0  and 
(fq)4  ~  ®.  It  may  be  appropriate  to  elucidate  the  last  statement. 

From  (1  7)  it  follows  in  the  limit  o  ~  ® 

(^). .  ft  {*—  («•  +  sO*  •  0  85 

„ ,  From  Eqs.  (11a)-(T4a),  we  obtain  by  elimination  the 
following  two  relations  between  K,\,  e%\,  and  p* : 

KfX  ~  •  (fc4c/u>)e*  i , 
and  upon  substituting  for  Y4  from  (18) 

(2nts(aa  +  tf0a/4np00)  J^1  0»i» 


J91 


luilloff 


ao  that 


u» 

o-* 


0. 


On  tha  other  hand!  by  another  elimination  process, 

glfrflan.  2L- 
H>  Ho"  Poo 

f>  that 


“5 


In  order  to  gat  tha  complete  wave  functions,  we  have  to 
multiply  theae  amplitudes  by  the  wave  factor  exp  {-i<et  +  (i  -  1)^*] 
where  k,  ia  proportional  to  ert,  according  to  (18).  Hence,  hf  and 
p  ~  cn  exp  {-<nbtf}e,  •  Thus,  at  x  ■  0,  hf  and  p  behave  like  step  func¬ 
tions,  which  seems  to  indicate  that  this  wave  has  the  appearance  of  a 
contact  discontinuity. 

It  is  to  be  noted  that  for  very  large  frequencies  id,  the 
simple  Ohm's  law  (see  Sec.  II)  is  to  be  replaced  by  a  generalized  one, 
which  is  based  on  a  "two  fluid  theory";  in  that  case,  as  pointed  out 
by  Spitzer,3  the  following  relation  holds: 

Clearly,  this  will  lead  to  the  appearance  of  the  plasma  frequency, 
and  of  the  ion  and  electron  cyclotron  frequencies.  It  may  be  ' 
anticipated,  then,  that  in  the  above-indicated  curves  of  the.  phase 
velocity  V  and  the  damping  resonance  values  will  occur.'  In  other 
words,  a  dispersion  theory  will  result.  --  - 

V.  GENERALIZATION 

The  preceding  considerations  have  been  generalized  for 
arbitrary  direction  of  plane  wave  propagation  relative  to  a  fixed 
magnetic  field  Ho 

If  \  ,  hf ,  hx  and  e*  ,  er ,  are  the  induced  magnetic  and 
electric  field  strengths,  and  if  u,  o,  u>  are  the  induced  flxriiF 
velocities -and  p  the  resulting  density  disturbance,  we  may,  again 
assume  solutions  of  wave  form,  e.g., 


L.  Spitzar,  Jr., 


THE  PHYSICS  OF  FULLY  IONIZED  GASES  (Interscience 


publisher,  Inc.,  New  York,  1956),  p.  21. 
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h  ■  \  '  exp  {-toufi  +  lk(r\  •  x  +  rif  *  y  +  n,  •  .*.*)} 


and  Che  amplitudes  \  ,  6\ ,  U\ ,  Pi  of  these  tun  quantitlus  obey  the 
following  ten  linear  equations: 

Lfaiy  •  9tl  m  i 

(23a) 

*  et\  m  t  f 

(23b) 

IH  (J\-  gy\  “  Ay  •  e»i)  *  t  £  *  ^*1 

(23c) 

. ,  .  £u>  .  4n0 

thriy  •  ft*  \  •  -  *7  •  «*  i  +  “  *  e*  i 

(24a) 

-lto\  ‘  *ti  •  -  %r  •  eri  +  ~.  (erl  +  JA.  ^o) 

(24b) 

•  hyi-  ty.  \x)  •  •  ^  •  e*i+  ~(etl 

-» 

(24c) 

-iuup!  +  +  ^Vi)  •  o 

(25) 

-twpoUi  +  iatkn*  pi  -  0 

(26a) 

-£ujp0yi  +  tatfaypi  -  0/c  (Vo*  #oa) 

(26b) 

- -.-iuipou*  «  0/c  (^-  #o‘  eyi  “  jf“  &*) 

(26c) 

These  ten  equations  split  into  two  systems:  System  I,’  relating  et  , 

\  ,  hyi  u,  v,  p;  System  II,  relating  ex ,  e, ,  ft* ;  w. 

System  I  yields  for  every  direction  h  a  "slow”  and  a  "fast" 
wave  velocity;  System  II  yields  the  "transverse"  wave. 

System  I  leads  to  a  complicated  biquadratic  equation  in  W  , 
which  for  o  m  ®„and  a  * ,0  simplifies,  to  give  the  welLJuwyn  results 
of  Friedricks~Kranzer  and  of  propagation  in  a  dielectric.^  For  some, 
finite  value  of  0  the  "alow"  iihd'  "fast"  wave  velocitie^'can  be  shown 
to  intersect. 

System  II  leads  to  a  single  value  for  fcP ;  also  here  the 
values  of  the  Alfven  speed  for  0  ■  and  of  V  +  a  for  0  «  0  can  be 
deduced. 
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SUMMARY 

It  la  conceivable  that  electromagnetic  wavoa,  beamed  Into 
the  upper  atmoaphoro,  whore  ionization  and  conductivity  can  not  bo 
neglected,  produce  fluid  vlbr*tlona,  which  destabilize  the  flow 
pattern  around  Incoming  mlaailea.  If  the  electron*  gnetlc  beams  are 
sufficiently  strong,  the  amplitudes  of  the  air  vibrations  are 
appreciable,  as  shown  by  eq.  (A), 
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